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PREFACE

T his th e s i s  c o n s is ts  o f  th re e  m anuscrip ts  w ith  a common 

in tro d u c tio n  and conclusion  p lu s  append ices. The f i r s t  m anuscrip t 

concerns hydrographic a sp ec ts  of th e  low er York R iv e r and low er 

Chesapeake Bay a r e a ,  and has been approved fo r  subm ission to  E s tu a rin e  

and C o as ta l M arine S cience . The second m anuscrip t concerns a sp ec ts  

o f phytoplankton dynamics in  th e  low er York R iver and was w r i t te n  

in  a n t ic ip a t io n  o f subm ission to  Limnology and Oceanography. The 

th i r d  m anuscrip t i s  approved fo r  subm ission to  A rchives o f M icrobio logy, 

and concerns th e  n u t r i t io n a l  mode of c u ltu re d  non-pigm ented m icro- 

f l a g e l la te s  i s o la te d  from th e  low er York R iv er. The appendices 

p re se n t s a l i n i t y  and t id e  d a ta  fo r  th e  low er York and Rappahannock 

R ivers f o r  1974, and b io lo g ic a l  and environm ental d a ta  from th e  

phytoplankton  study  in  th e  low er York R iv er.
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ABSTRACT

A s ta t io n  in  th e  York R iv er mouth (37°14, 40" N. l a t . , 76°
23'28" W. lo n g .,  depth  ca . 18 m eters) was occupied e ig h t tim es (24-36 
hours d u ra tio n )  during  1974 fo r  th e  purpose of e lu c id a tin g  1. th e  
hydrographic c h a r a c te r i s t i c s ,  and 2. th e  dynamics of th e  phytoplankton  
community o f th i s  tem perate  e s tu a r in e  system . Emphasis in  th e  phyto
p lankton  s tudy  cen te red  on d e fin in g  th e  r o le  of th e  nannoplankton 
(<15jim) and th e  s h o r t term  (hourly) v a r ia t io n  in  p lank ton  param eters. 
Tem perature, s a l i n i t y ,  d isso lv ed  oxygen, l ig h t  p e n e tr a t io n , c h lo ro p h y ll 
a (Chi a ) , and in  s i t u  prim ary p rod u ctio n  (PP) were measured a t  in te rv a ls  
through th e  w ater column p e r io d ic a l ly  fo r  th e  d u ra tio n  of each s ta t io n .

The hydrographic d a ta  in d ic a te d  th a t  th i s  e s tu a ry  o s c i l la te d  
between co n d itio n s  o f co n s id e rab le  v e r t i c a l  s a l i n i t y  s t r a t i f i c a t i o n  and 
homogeneity on a cy c le  th a t  was c lo se ly  c o r re la te d  w ith  th e  neap and 
sp rin g  t id e s  r e s p e c t iv e ly .  As a r e s u l t  of th e  annual cy c le  in  the  
m agnitude of the sp rin g  t i d e s , ' p e rio d s  o f homogeneity were more pro
nounced in  l a t e  summer than  in  w in te r . V a ria tio n  in  fre sh w a te r flow 
appeared to  have l i t t l e  e f f e c t  on th e  hydrography. The r e s u l t s  support 
th e  co n ten tio n  th a t  the  hydrographic c h a r a c te r is t i c s  of the  m ajor sub
e s tu a r ie s  o f  the  low er Chesapeake Bay and p o ss ib ly  th e  low er Bay p roper 
a re  re g u la te d  p r im a r ily  by t i d a l l y  r e la te d  f a c to rs  r a th e r  than  f re s h 
w ater in flo w .

The nannoplankton accounted f o r  65-90% o f th e  t o t a l  Chi a and 
PP du ring  each s ta t io n  except February  (55% Chi a and 19% PP) and May 
(44% Chi a  and 37% P P ). Nannoplankton in flu e n c e  appeared to  peak in  
l a t e  summer. Maximum d a i ly  Chi a le v e ls  ranged from 5-25 jig 1~^ w ith  
no apparen t seaso n a l tre n d . A d i e l  v a r ia t io n  was observed in  Chi a 
abundance w ith  h ig h e s t co n c en tra tio n s  a t  mid a fte rn o o n  and low est con
c e n tra tio n s  a t  m idnight to  0300. The d a i ly  in c re a se  in  nannoplankton 
Chi a g e n e ra lly  doubled th e  minimum d a ily  c o n c e n tra tio n . P lo ts  of 
a s s im ila t io n  r a t i o  (jig C h r“ l]Jg Chi a” !) v e rsu s  in  s i t u  l ig h t  in te n s i ty  
fo r  bo th  th e  t o t a l  and nannoplankton resem bled ty p ic a l  p h o to sy n th es is  
versu s l i g h t  in te n s i ty  curves ( i . e .  hyperbo lic ) w ith  no in h ib i t io n  ob
served a t  l i g h t  le v e ls  up to  0 .6  lan g ley s  min"-*-. A d i e l  v a r ia t io n  
was observed in  a s s im ila t io n  r a t io s  w ith  h ig h e s t v a lu es  in  the a f t e r 
noon on s h o r t  and medium len g th  days and high morning and a fte rn o o n  
values sep a ra ted  by a noontime d ep ress io n  on long days. L ig h t s a tu ra te d  
a s s im ila tio n  r a t io s  (Pmax) were g e n e ra lly  c o r re la te d  w ith  tem p era tu re . 
However, Pmax v a lu es  in  Ju ly  and August were reduced to  50% o f th e  June 
va lues ( a t  comparable tem peratu res) presumably a r e s u l t  of shade 
ad ap ta tio n  a s so c ia te d  w ith  a su rfa c e  mixed la y e r  5-6 tim es deeper than  
the  eupho tic  zone. High Pmax v a lu es  fo r  th e  n e t p lank ton  (> 15 jjm) in  
February were presumed to  be due to  tem poral su ccessio n  o f a cold adapted

x i i



sp e c ie s . The r e s u l t s  su g g est th a t  a h igh ly  dynamic nannoplankton com
munity e x is ts  in  t h i s  e s tu a ry , p o ssib ly  doubling every 24 hours b u t 
w ith  biomass accum ulations lim ited  by g raz in g . I t  i s  proposed th a t  a 
c lo se  coupling e x is ts  between zooplankton g raz in g , ammonia ex c re tio n  
and phytoplankton ammonia a s s im ila tio n .

F ive  sp ec ies  o f non-pigmented m lc ro f la g e lla te s  (5-8  pm in  
d iam eter) were is o la te d  from th e  low er York R iver and grown in  c u ltu re .  
D esp ite  t h e i r  o b lig a te ly  h e te ro tro p h lc  n a tu re , none were capable o f 
a s s im ila tin g  a  v a r ie ty  o f sim ple o rg an ic  compounds. They a l l  dem onstrated 
a  marked c ap ac ity  fo r  in g e s tin g  h igh  numbers o f b a c te r ia .  The r e s u l t s  
in d ic a te  th a t  non-pigmented m ic ro f la g e lla te s  ap p aren tly  do not compete 
w ith  b a c te r ia  f o r  d isso lv ed  organic m atte r b u t may be an im portant 
pathway fo r  th e  re e n try  o f b a c te r ia l  biomass in to  the food web.

x i i i



PLANKTON DYNAMICS IN A TEMPERATE ESTUARY

WITH

OBSERVATIONS ON A VARIABLE HYDROGRAPHIC CONDITION



INTRODUCTION

With th e  tw in p re ssu re s  o f in c re a s in g  p o p u la tio n  and 

in d u s t r i a l  developm ent, man’s impingement on and a l t e r a t io n  of 

e s tu a r ie s  grows d a i ly .  Sewage trea tm en t p la n ts  in tro d u ce  organ ic  

and in o rg a n ic  n u t r ie n ts  to  th e  w a te r . Power p la n ts  in tro d u ce  heated  

w ater. In d u s tr ie s  add m a te r ia ls  w ith  a c tu a l  o r  p o te n t ia l  to x ic  e f f e c t s .  

New channels a re  dredged and bo rd erin g  m arshlands a re  f i l l e d ,  a l te r in g  

flow c h a r a c te r is t ic s  and tu r b id i ty .  As a r e s u l t  o f th e se  a l t e r a t io n s ,  

s c i e n t i s t s  a re  in c re a s in g ly  c a lle d  upon to  p re d ic t  th e  e f f e c t  of such 

impingements on th e  indigenous b io ta .  These p re d ic tio n s  a re  based on 

th e  assum ption ( im p l ic i t  or e x p l ic i t )  th a t  we understand th e  fu n c tio n a l 

dynamics o f th e  e s tu a r in e  ecosystem -  th a t  we recogn ize  th e  s ig n i f ic a n t  

b io t i c  components, know t h e i r  r a te s  o f  p ro d u c tio n  and u t i l i z a t i o n ,  how 

they in te r a c t  and how they a re  c o n tro lle d . U n fo rtu n a te ly , our b a s ic  

understand ing  o f th e  dynamics o f energy flow and n u tr ie n t  f lu x  in  th e  

low er tro p h ic  le v e ls  o f most e s tu a r in e  systems i s  no t s u f f ic ie n t  fo r  a 

m eaningful p re d ic t iv e  c a p a b i l i ty .

This la c k  o f  understand ing  i s  p r im a r ily  th e  r e s u l t  o f th e  

extrem e com plexity o f  tem perate  e s tu a r in e  ecosystem s. To a la rg e  

e x te n t ,  su c c e ss fu l f i e ld  work on p lank ton  dynamics has been performed 

in  ocean ic  environm ents th a t  a re  more amenable to  in te rp r e ta t io n  such 

as th e  Sargasso Sea (M enzel, H u lbert and R y ther, 1963), o r  the  c e n tra l  

gyre  o f North P a c if ic  (Eppley, Renger, V enrick and M ullin , 1973).

2



These p lank ton  ecosystem s a re  ch a rac te rize d  by reduced numbers of 

tro p h ic  le v e ls ,  r e l a t iv e ly  s im p lif ie d  energy f lo w s  and environm ental 

c o n d itio n s  ( te m p e ra tu re , s a l i n i t y ,  l i g h t ,  n u t r i e n t s ,  hydrography) th a t  

p e r s i s t  n ea rly  unchanged fo r  long periods o f t im e . As a r e s u l t ,  b io 

lo g ic a l  in te ra c t io n s  and c o n tro ll in g  fa c to rs  a r e  in  a r e l a t iv e ly  s tead y - 

s t a t e  e q u ilib riu m , f a c i l i t a t i n g  th e i r  a n a ly s is  and in te rp r e ta t io n .

T his Is  n o t th e  case in  a tem perate e s tu a ry  l i k e  th e  lower 

Chesapeake Bay and i t s  t r i b u t a r i e s .  In  th ese  p lan k to n  ecosystem s 

a d d it io n a l  tro p h ic  le v e ls  become s ig n if ic a n t  ( i . e .  secondary carn ivores 

and decomposers) and th e  sp e c ie s  d iv e rs i ty  In  each  tro p h ic  le v e l  is  r i c h  

As a r e s u l t ,  pathways o f energy flow are h ig h ly  fragm ented re su lt in g  

in  b o th  a complex food web and a g re a te r  p o t e n t i a l  fo r  re g u la t io n . 

B io lo g ic a l in v e s t ig a t io n s  a re  f u r th e r  com plicated  by sp e c ie s  succession  

w ith in  th e  n e t phy toplankton  (M anzi, 1973; M ackiernan, 1968) and the 

n e t zooplankton (G. C. G rant, p e rso n a l communication) th a t  occurs 

throughout th e  y e a r . Each new sp ec ie s  has i t s  own in h e re n t response 

to  l i g h t ,  tem p era tu re , n u t r ie n ts  and s u s c e p ta b i l i ty  to  g ra z in g . The 

p o te n t ia l ly  patchy d i s t r ib u t io n  o f  the phytoplankton  (C assie , 1963;

Wiebe and H olland, 1968) i s  f u r th e r  com plicated by t i d a l  excursions up 

to  seven k ilo m ete rs  p e r  t i d a l  cy c le  which c o n v e r t s p a t ia l  v a r ia tio n  

in to  tem poral v a r ia t io n  when sam pling a t  a f ix e d  p o in t over tim e. The 

p o s s ib i l i ty  of d i e l  v a r ia t io n s  in  th e  m agnitude o f measured param eters 

f u r th e r  com plicates th e  sam pling procedure and in te r p r e ta t io n  of r e s u l t s  

In  such complex ecosystem s, p o ss ib le  c o n tro ll in g  fa c to rs  a re  

n o t as obvious. The m u l t ip l ic i ty  o f p o te n t ia l  phy top lankton  grazers 

( f i s h ,  m icro- and n e t  zooplankton , p lank ton ic  la rv a e , b e n th ic  in v e rte 



b r a te s )  com plicates th e  assessm ent o f t h i s  p o te n t ia l  re g u la to ry  

mechanism. N u tr ie n ts  may e n te r  the  ecosystem  v ia  fre sh w a te r  r iv e r  

in p u t (d eriv ed  e i th e r  from n a tu ra l  w eathering  p ro cesses  o r  a g r ic u l tu r a l  

a c t i v i t y ) , from th e  s a l t  m arshes b o rd erin g  th e  e s tu a ry , from th e  s e d i

m en ts , from h ig h e r  s a l i n i t y  ocean w a te r , o r  most l i k e ly  be reg en era ted  

w ith in  th e  eupho tic  zone. N u tr ie n t s in k s  a re  eq u a lly  d iv e r s i f ie d  and 

in c lu d e  phy top lankton , b a c te r ia ,  th e  s a l t  marshes and sedim ents as 

w e l l  as t r a n s p o r t  out of th e  e s tu a ry .

P h y sica l environm ental c o n d itio n s  ( c l im a tic  and hydrographic) 

i n  th e  York R iv er e s tu a ry  a re  eq u a lly  complex. Both s a l i n i t y  and 

tem p era tu re  vary  w idely  d u rin g  the  y e a r . F reshw ater in f lu x  v a r ie s  

s e a so n a lly  as w e ll as over th e  lo n g er (drought y ea rs  v ersu s wet years) 

and s h o r te r  (h u rr ic a n s  Agnes and Cam ille) term . The w aters  o f th e  

low er York R iver vary  between extrem es of v e r t i c a l  s a l i n i t y  s t r a t i 

f i c a t io n  and homogeneity over tim e p e rio d s  measured in  days (p e rso n a l 

o b se rv a tio n )  and th e  fo rc e s  th a t  r e g u la te  th ese  hydrographic co n d itio n s  

a r e  n o t known.

The degree of v e r t i c a l  s a l i n i t y  s t r a t i f i c a t i o n  may have a 

s ig n i f ic a n t  e f f e c t  on phytop lankton  abundance. The occurrence of 

phytop lank ton  blooms c o in c id en t w ith  h ig h ly  s t r a t i f i e d  w a te r columns 

h as  been dem onstrated fo r  c o a s ta l  w a te rs  (Gran and B raarud , 1935; 

S verd rup , 1953), e s tu a r ie s  (Welch, 1969; Welch e t  a l . , 1972) and f jo rd s  

(G ilm a rtin , 1964). In  a d d itio n  to  prom oting phytoplankton  bloom s, a 

h ig h ly  s t r a t i f i e d  co n d itio n  may reduce th e  f lu x  o f n u t r ie n ts  between 

th e  eupho tic  zone and th e  deep w a te rs  an d /o r sed im ents. The degree of 

v e r t i c a l  s t r a t i f i c a t i o n  m ight a lso  be  expected to  have an e f f e c t  on the 

p h y s io lo g ic a l  s ta tu s  o f th e  phytop lankton . For exam ple, in  ocean ic



ecosystem s phytoplankton  from below th e  su rfa c e  mixed la y e r  have been 

shown to  be shade adapted compared to  th e  phytoplankton  m aintained 

w ith in  th e  eupho tic  zone (Steem ann-N ielsen and Hansen, 1959).

E lu c id a tin g  th e  fu n c tio n a l dynamics of such an e s tu a r in e  

ecosystem , though d i f f i c u l t ,  may n o t be im p o ssib le . I t  does, however, 

c a l l  fo r  a  p a r t ic u la r  a n a ly t ic a l  approach. I t  i s  apparen t th a t  even 

w ith  u n lim ited  re so u rc e s , a l l  p o s s ib le  sp e c ie s -sp e c ie s  and sp e c ie s -  

environment in te ra c t io n s  cannot be catalogued  much le s s  analyzed. 

C onsequently, one must a t te m p t to  overcome th e  com plexity o f  th e  r e a l  

ecosystem  by id e n tify in g  and com partm entalizing  only th e  dominant ( in  

terms of energy flow , n u t r ie n t  cy c lin g  o r c o n tro l  c a p a b il i ty )  components 

a t  each tro p h ic  le v e l .  A v a ilab le  in fo rm ation  should se rv e  as a guide 

as to  what th e  s ig n i f ic a n t  a reas o f  re se a rc h  m ight be ( e .g .  N ational 

Academy o f S c iences, 1975). Secondly, one should  s t r e s s  th e  fu n c tio n a l 

r a th e r  th an  only th e  s t r u c tu r a l  a sp ec ts  of th e  ecosystem . Rates o f flow  

or in te r a c t io n  between compartments should be emphasized over m erely 

th e  s tan d in g  s tock  a t  any given tim e. One approach to  analyzing  

in te ra c t io n s  between b io t i c  components and th e  b io t i c  and a b io t ic  

components i s  to  examine sh o r t  term  changes ( i . e .  hou rly ) th a t  may occur 

in  s e le c te d  param eters w ith in  th e  ecosystem . With t h i s  knowledge one 

can p o s tu la te  th e  ty p es  of in te ra c t io n s  th a t  account f o r  th e se  v a r i 

a tio n s  and subsequently  ex p erim en ta lly  t e s t  th e  p re d ic tio n .

This approach to  ecosystem  a n a ly s is  d i f f e r s  from th a t  u t i l i z e d  

by many p rev ious in v e s t ig a t io n s  of th e  p lank ton  community o f the  low er 

Chesapeake Bay. P rev ious s tu d ie s  s tre s se d  p r im a rily  th e  s t r u c tu r a l  

a sp ec ts  o f th e  p lank ton  community ( i . e .  how many of a p a r t ic u la r  sp e c ie s



or how much of a p a r t ic u la r  chem ical component) w ith o u t adequate 

a t te n t io n  to  i t s  fu n c tio n a l s ig n if ic a n c e .  For example, S to fan  (1973) 

and Manzi (1973) enumerated th e  la rg e  d in o f la g e l la te s  and diatom s 

( i . e .  th e  n e t phytoplankton) r e s p e c t iv e ly  o f th e  lower York R iv er, 

even though a v a ila b le  evidence in d ic a te d  th a t  th e  very  sm all phyto

p lank ton  ( th e  nannoplankton) dom inated prim ary p ro d u c tio n . P rev ious 

phytoplankton  s tu d ie s  determ ined the n i t r a t e  co n c e n tra tio n  o f the  

w a te r. Evidence now suggests th a t  Chesapeake Bay phytoplankton  

p r e f e r e n t ia l ly  u t i l i z e  n itro g e n  from u rea  and ammonia r a th e r  than  

n i t r a t e .  P rev ious s tu d ie s  o f  phytoplankton  dynamics in  t h i s  environment 

were lim ite d  to  one sample p e r  day (W arinner and Z ubkoff, 1973; P a t te n ,  

M ulford and W arinner, 1963), p rec lu d in g  any a n a ly s is  o f  cause and e f f e c t  

r e la t io n s h ip s  betw een sh o r t  term  v a r ia t io n s  in  p lank ton  param eters . 

A nalysis  o f long term  ( i . e .  w eekly o r monthly) cause and e f fe c t  r e l a 

tio n sh ip s  i s  d i f f i c u l t  in  a dynamic ecosystem  such as th e  lower York 

R iver because of th e  extreme b i o t i c  and hydrographic v a r ia t io n  th a t  

can occur in  a r e l a t iv e ly  s h o r t  tim e p e r io d .

A summary of r e l a t iv e ly  re c e n t in v e s t ig a t io n s  o f e s tu a r in e  

p lank ton  communities suggest th a t  th e  flow  o f carbon and n u tr ie n ts  

through th e  lower tro p h ic  le v e ls  o f the  low er Chesapeake Bay p lank ton  

community may fo llo w  a p a t te rn  s im ila r  to  th e  com partmental model in  

F ig u re  1. The b rack e ted  numbers in  th e  fo llow ing  te x t  in d ic a te  pathways 

d esig n a ted  in  F ig u re  1.

The dom ination of m ost m arine phytoplankton  communities by 

th e  nannoplankton (c a . 10-20 lim e f f e c t iv e  d iam eter) i s  now w ell e s ta b 

lish e d  (Pomeroy, 1974). E a r l i e r  phytoplankton s tu d ie s  in  th e  mid and 

low er Chesapeake Bay in d ic a te d  th e  p o s s ib le  s ig n if ic a n c e  of the  nanno-



plankton  to  the  t o t a l  prim ary p ro d u c tiv ity  o f the  area  (Mackiernan,

1968; M arsh a ll, 1967; P a tten  e t  a l . ,  1963), and two re c e n t s tu d ie s  

have documented t h e i r  s ig n if ic a n c e  (McCarthy, T aylor and L o ftu s, 1974; 

VanValkenburg and Flem er, 1974). Very l i t t l e  i s  known concerning 

sp ec ies  com position or sp ec ies  succession  o f th e  nannoplankton, bu t 

a v a ila b le  evidence suggests  th a t  they are  comprised p rim a rily  of 

p h y to f la g e lla te s  r a th e r  than  diatoms and d in o f la g e lla te s  (Boney, 1970; 

Campbell, 1973).

Because o f  th e i r  sm all s iz e  and d i f f e r e n t  s u s c e p ta b ll i ty  to  

grazing  compared to  the n e tp lan k to n , th e  nannoplankton dominance may 

r e s u l t  in  p re se n tly  unsuspected pathways of energy flow (Malone, 1971; 

Parsons and LeB rasseur, 1970; R yther, 1969). For example, protozoans 

such c i l i a t e s ,  r o t i f e r s  and t ln t ln n id s  ( i . e .  th e  m icro-zooplankton) 

may be th e  dominant g raze rs  o f th e  nannoplankton ( la )  (Beers and 

S tew art, 1969; Parsons and LeB rasseur, 1970; Pomeroy, 1975; Pomeroy 

and Johannes, 1968). I t  i s  a lso  known th a t  n e t zooplankton such as 

ACjOJutLa. 6p. prey on the nannoplankton (lb ) (Storms and T ay lo r, 1973).

The nannoplankton are  a lso  known to  be th e  p r in c ip a l food of th e  

p lan k to n ic  la rv a e  o f both  b e n th ic  m olluscs (K nigh t-Jones, 1950; G ross, 

1937) and f is h  (Subrahmanyan and Sarma, 1965).

A re c e n t study o f n itro g e n  u t i l i z a t i o n  by Chesapeake Bay 

phytoplankton (McCarthy and T aylor, 1974) in d ic a te d  th a t  the ra p id ly  

recy c led  forms o f  n itro g e n  such as u rea  and ammonia r a th e r  than  n i t r a t e  

were p r e f e r e n t ia l ly  u t i l i z e d  by th e  phytoplankton (3 a ) . This i s  lo g ic a l  

s in ce  th e  n itro g en  from ammonia and u rea  can be d i r e c t ly  incorporated  

in to  c e l lu la r  m a te r ia l  w h ile  n i t r a t e  n itro g en  must f i r s t  be reduced, 

an energy re q u ir in g  p ro cess . The production  of u rea  and ammonia p ro-



bably  r e s u l t s  p r im a r ily  from anim al e x c re tio n  (2 a , 2b) (Johannes, 1968; 

Pomeroy, 1970; 1975; Pomeroy e t  a l . , 1972). C onsidering th e  in h e re n tly  

h ig h e r  m etab o lic  r a t e  o f th e  m icrozooplankton (a  consequence of th e i r  

sm a lle r  s iz e  and la rg e r  su rfa c e  area-to -vo lum e r a t io )  they  must be 

considered  l ik e ly  sources o f b o th  u re a  and ammonia n itro g e n  (2 a ) .

Our conception  o f th e  r o le  of b a c te r ia  in  m arine p lank ton  

communities has a lso  undergone a change in  re c e n t y e a rs . B a c te r ia  a re  

no lo n g e r considered  to  be th e  prim ary ag en ts  o f n u t r ie n t  re m in e ra liz a 

t io n  (8b) (Pomeroy, 1970; 1975; Johannes, 1968) and may in  f a c t  compete 

d i r e c t ly  w ith  th e  phytoplankton  f o r  a v a ila b le  n itro g e n  and phosphorus 

(8 a ). Thayer (1974) su g g ests  th a t  th i s  l a t t e r  p o s s ib i l i t y  i s  e s p e c ia lly  

l ik e ly  in  e s tu a r in e  environm ents where one of th e  p r in c ip le  sources 

of f ix e d  carbon fo r  b a c te r ia  i s  SpaAJtim. Ap. d e t r i tu s  (10) which i s  

r e l a t iv e ly  d e f ic ie n t  in  b o th  n itro g e n  and phosphorus. Thus fo r  com

p le te  d eg red a tio n  of t h i s  carbon so u rce , th e  b a c te r ia  need an a l t e r n a te ,  

compensatory supply  of n itro g e n  such as n i t r a t e ,  ammonia o r u rea .

Recent in v e s t ig a t io r s  a lso  in d ic a te  th a t  b a c te r ia  q u ick ly  and 

e f f i c i e n t ly  a s s im ila te  th e  more l a b i l e  components o f th e  d isso lv ed  

o rg an ic  carbon (DOC) pool (7) (W illiam s, 1970). I t  has even been 

suggested th a t  th e  r e l a t iv e ly  low co n cen tra tio n s  of sm all o rg an ic  

m olecules in  n a tu r a l  w ate rs  i s  a r e s u l t  o f t h e i r  ra p id  a s s im ila tio n  

by th e  b a c te r ia .  The b u lk  o f th e  DOC in  n a tu r a l  w a te rs  i s  most l ik e ly  

th e  r e s u l t  of phytop lank ton  e x c re tio n  (6 a , 6b) (Anderson and Z eu tsch e l, 

1970; Thomas, 1971; W righ t, 1975) w ith  a l e s s e r  amount d erived  from 

e x c re tio n  by h e rb iv o re s  and h ig h e r  tro p h ic  le v e l  anim als (5a , 4)

(Webb and Johannes, 1967; Corner and D avies, 1971). On th e  b a s is  o f
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both  th e i r  sm a lle r  s to ra g e  ca p a c ity  and t h e i r  g r e a te r  s u rfa c e  a re a - to -  

volume r a t i o ,  th e  nannoplankton may be expected  to  lo s e  a h ig h e r  pro

p o r tio n  o f th e i r  f ix e d  carbon as DOC than  th e  n e t p lank ton  (6 b ). Based 

on measured r a te s  o f in  s i t u  b a c t e r i a l  u t i l i z a t i o n  of DOC in  the  English 

Channel, th e  flow  of carbon through th i s  pathway was es tim a ted  to  be 

50% o f th e  t o t a l  carbon f ix e d  by th e  phytoplankton  (Andrews and 

W illiam s, 1971).

On th e  b a s is  o f t h e i r  e f f i c i e n t  u t i l i z a t i o n  of DOC and th e i r  

p o s s ib le  com petition  w ith  th e  phytoplankton  fo r  n itro g e n  and phosphorus, 

th e  b a c te r ia  a re  p o te n t ia l ly  a s ig n i f ic a n t  component of th e  p lankton 

food web. T heir prim ary fu n c tio n  i s  th e  r e tu r n  of DOC to  th e  p a r t ic u la te  

food ch a in , although  o b l lg a te ly  h e te ro tro p h lc  protozoans such as c i l i a t e s  

and f la g e l la te s  e tc .  may compete w ith  th e  b a c te r ia  f o r  DOC (5 b ). The 

lik lih o o d  of s ig n i f ic a n t  uptake o f DOC by p lank ton  b a c te r ia  i s  p re

sumably enhanced in  e s tu a r in e  ecosystem s where th e re  i s  a c lo se  physica l 

r e la t io n s h ip  betw een th e  eupho tic  zone and th e  sedim ents where b a c te r ia l  

numbers a re  l ik e ly  to  be h ig h e s t .  The e x te n t to  which b a c te r ia  are 

preyed upon by o th e r  components o f th e  food web, thus com pleting the 

re e n try  of b a c t e r i a l  carbon , n itro g e n  and phosphorus back in to  the  food 

web, i s  n o t p re se n tly  c le a r  (9 a , 9b). U nless some pathway i s  fun c tio n in g  

to  e f f e c t  th i s  t r a n s f e r ,  b a c te r ia  could conceivably  a c t  as a s ig n if ic a n t  

s in k  fo r  removing th e se  compounds from th e  p lank ton  ecosystem , e i th e r  

through r e s p i r a t io n  o r p h y s ic a l lo s s  from th e  system (11).

The purpose o f t h i s  study  was to  in v e s t ig a te  th e  dynamics of 

the  low er tro p h ic  le v e ls  o f th e  low er York R iv e r, a tem perate e s tu a rin e  

p lank ton  community. S p e c if ic a l ly  th e  o b je c tiv e s  were to :  1. e lu c id a te
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the  dominant s iz e  component ( in  term s of energy flow) of th e  phyto

plankton community; 2. To in v e s t ig a te  th e  in te ra c t io n s  between th e  

a b io tic  and b io t i c  components o f th e s e  tro p h ic  le v e ls  by observ ing  

sh o rt term ( i . e .  hourly) changes in  measured r a t e  functions and con

c e n tra tio n  param eters associa ted  w ith  the p lankton community; 3. To 

d e fin e  th e  environm ental fa c to rs  t h a t  a re  fu n c tio n in g  to  re g u la te  the  

m etabolic  a c t i v i t y  and abundance o f  th e  phytoplankton community in  

th is- ecosystem ; 4. To t e s t  th e  h y p o th e s is , u sing  lab o ra to ry  c u l tu re s ,  

th a t  non-pigmented ( i . e .  o b l ig a te ly  h e te ro tro p h ic )  nannoplankton are 

an a l te r n a t iv e  pathway (compared to  b a c te r ia )  f o r  th e  re tu rn  of DOC 

to  th e  p a r t ic u la te  food web (5b) ; 5 . To e lu c id a te  th e  f a c to rs  re g u la tin g  

the p h y s ica l hydrography of th i s  e s tu a r in e  system  and d e lin e a te  i t s  

e f fe c t  on th e  dynamics of the p la n k to n  community.



F igure  1. Compartmental model of prim ary pathways of

carbon ( ---------  ) , n itro g e n  ( - - - - )  an(j

carbon and n itro g e n  (• • • •) f lu x  through 

th e  lower tro p h ic  le v e ls  o f a tem perate 

e s tu a r in e  p lank ton  ecosystem .
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ABSTRACT

A nalysis o f s a l i n i t y  d a ta  from th e  low er York and Rappahannock 

R ivers (V irg in ia , U .S.A .) fo r  1974 rev ea led  th a t  both  o f th e se  est-uaries 

o s c i l l a te d  between co n d itio n s  o f co n s id e rab le  v e r t i c a l  s a l i n i t y  s t r a t i 

f ic a t io n  and homogeneity on a cyc le  th a t  was c lo se ly  c o r re la te d  w ith  

th e  sp rin g -n eap  t i d a l  c y c le , i . e .  homogeneity was most h ig h ly  developed 

about 4 days a f t e r  s u f f i c i e n t ly  h ig h  sp rin g  t id e s  w h ile  s t r a t i f i c a t i o n  

was most h ig h ly  developed during  th e  in te rv e n in g  p e rio d . The s t r a t i 

f ic a tio n -m ix in g  cycle  was g en e ra lly  more c lo se ly  c o r re la te d  w ith  th e  

h e ig h t of h igh t i d e  than  w ith  th e  m agnitude of th e  t i d a l  range . As a 

r e s u l t  o f  the  annual cycle  in  the  m agnitude of sp rin g  h igh  t i d e s , periods 

o f homogeneity were bo th  more numerous and more in te n se  in  th e  l a t e  

summer than  in  th e  w in te r .  V a ria tio n  in  r iv e r  flow appeared to  be o f 

secondary im portance in  re g u la tin g  th e  hydrography o f th i s  e s tu a ry .

A nalysis o f s a l i n i t y  d a ta  c o lle c te d  during  th e  p e rio d  fo llow ing  

T ro p ic a l Storm Agnes (July-A ugust 1972) rev ea led  th a t  cyc les  of s t r a t i 

f ic a t io n  and mixing occurred sim u ltaneously  throughout th e  e n t i r e  s a l t  

in flu en ced  len g th s  o f th e  James, York and Rappahannock R iv e rs . These 

cycles were s im ila r  to  those  d esc rib ed  above and appeared to  be a mani

f e s ta t io n  of th e  normal o s c i l l a to r y  n a tu re  o f th e  e s tu a r ie s  and no t 

a r e s u l t  o f storm  r e la te d  flood  w a te rs .
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INTRODUCTION

E s tu a r ie s  a re  c h a ra c te r iz e d  p r im a rily  by t h e i r  geomorphology 

and th e i r  p a t te rn  of s a l i n i t y  s t r a t i f i c a t i o n  (Hansen and R a ttra y , 1966). 

In  c o a s ta l p la in  e s tu a r ie s ,  th e  p a t te rn  of v e r t i c a l  s a l i n i t y  d is t r ib u t io n  

i s  b e lie v e d  to  be re g u la te d  p r im a rily  by th e  volume o f  fre sh w ate r flow 

and th e  magnitude of the  t i d a l  c u r re n t.  Thus, depending upon the  

r e l a t iv e  magnitude of th e se  two p a ram ete rs , e s tu a r ie s  may be h ig h ly  

s t r a t i f i e d  ( fre sh w a te r  flow dom inates t i d a l  c u r r e n t ) , m oderately 

s t r a t i f i e d  ( fre sh w a te r  flow and t i d a l  c u rre n ts  r e l a t iv e ly  b a lan ced ), 

or v e r t ic a l ly  homogeneous ( t i d a l  c u rre n ts  dom inate fre sh w a te r flow ) 

(Bowden, 1967; P r i tc h a rd , 1967). D esp ite  th e  acknowledged c o n tr ib u tio n , 

in  theory  a t  l e a s t ,  o f t i d a l  c u rre n ts  to  th e  r e g u la tio n  of v e r t i c a l  

s a l i n i t y  s t r u c tu r e ,  most s tu d ie s  o f e s tu a r in e  hydrography have emphasized 

th e  e f f e c t  of a  v a r ia b le  fre sh w a te r flow (see  examples in  Dyer, 1973).

S a l in i ty  d a ta  c o lle c te d  in  the low er York R iv er during 1974 

could be In te rp re te d  most e a s i ly  by co n sid e rin g  as an a l te r n a t iv e  a 

t id a l l y - r e l a t e d  c o n tro l o f th e  v e r t i c a l  s a l i n i t y  s t r u c tu r e .  This paper 

d esc rib e s  th e  r e la t io n s h ip  between th e  v a r ia t io n  in  th e  v e r t i c a l  

s a l i n i t y  s t r u c tu r e  in  th e  lower York and Rappahannock R ivers d u ring  

1974 and th e  c y c l ic  v a r ia t io n  in  two t i d a l  param eters . A s im ila r  

r e la t io n s h ip  in  th e  James, York and Rappahannock R ivers i s  d escribed  

fo r  a two month p erio d  in  1972.



METHODS AND MATERIALS

D escrip tio n  o f th e  study area

The Chesapeake Bay and i t s  su b es tu a rie s  comprise the la r g e s t  

e s tu a rin e  system  in  United S ta te s  and have been c la s s i f ie d  by P r itc h a rd  

(1967) as m oderately s t r a t i f i e d .  The m ajor t r ib u ta r i e s  of the  low er 

Chesapeake Bay a re  the James, York and Rappahannock R ivers (F igure 1) 

and to g e th e r they account fo r  approxim ately 20% of th e  freshw ater 

en te r in g  th e  Bay. The rem ainder i s  co n trib u ted  p r im a rily  by th e  Potomac 

and Susquehanna R ivers, w ith  th e  Susquehanna norm ally accounting fo r  

about 50% of th e  to ta l  in p u t. Tides in  the  lower Chesapeake Bay a re  

sem id iu rnal.

The James River i s  t i d a l  fo r  a  d is tan ce  o f 170 k ilom eters 

(km) from i t s  mouth and the  1 .0  o/oo iso h a lin e  is  norm ally lo ca ted  

55-95 km u p r iv e r .  The mean t i d e  range and su rface  s a l i n i t i e s  a t  th e  

mouth are  0 .8  m eters (m) and 15-25 o /oo , r e sp e c tiv e ly . With re sp e c t 

to  hydrography, th e  James is  th e  most thoroughly s tu d ie d  of th e  th re e  

r iv e r s ( fo r  review  see P r i tc h a rd , 1967).

The York River i s  formed by th e  confluence of the  Pamunkey 

and M attaponi R ivers about 50 km from i t s  p o in t o f e n try  in to  th e  

Chesapeake Bay. I t  i s  t i d a l  throughout i t s  e n t i r e  len g th  and th e  1 .0  

o/oo iso h a lin e  i s  normally found 65-90 km from th e  mouth. The mean 

t i d a l  range a t  th e  mouth is  0 .7  m and th e  su rface  s a l i n i t i e s  a t  th is  

p o in t range from 15-24 o/oo . The lower York R iver i s  de lim ited  a t  I t s  

upstream end by a c o n s tr ic t io n  a t  G loucester P o in t (F ig u re  2).



The Rappahannock R iver i s  t i d a l  to  th e  f a l l  l i n e  a t  

F red rick sb u rg , V irg in ia ,  a d is ta n c e  o f 130 km from i t s  mouth, and th e

1 .0  o /oo  iso h a lin e  i s  norm ally found 75-90 km u p r iv e r . The mean t i d a l  

range and su rfa ce  s a l i n i t i e s  a t  th e  mouth a re  0 .4  m and 12-18 o /o o , 

re s p e c t iv e ly .  L o n g itu d in a l s e c tio n s  o f th e  low er segments of each 

r iv e r  a re  included  in  F igu res 6 , 7 and 8.

D ata c o l le c t io n

S a l in i ty  d a ta  fo r  th e  lower York R iv er fo r  1974 were o b ta in ed  

from th re e  so u rc e s : (1) monthly s la c k  w a te r runs by th e  Department

o f P h y s ic a l Oceanography a t  th e  V irg in ia  I n s t i t u t e  of M arine Science 

(VIMS) in  which s a l i n i t y  measurements were made a t  two m ete r depth  

in te r v a ls  a t  th re e  s ta t io n s  (Y0.0, Y6.7, Y8.9) in  the  low er York; (2) 

a d is so lv e d  oxygen study  In  th e  low er York R iver (Jo rdan , 1974) In  

which s a l i n i t y  was measured a t  two m eter depth  in te rv a ls  biw eekly a t  

fo u r  s ta t io n s  ( I ,  I I ,  IV, V) and weekly a t  a f i f t h  s ta t i o n  ( I I I ) ;

( 3) a s t a t i o n  a t  th e  York R iver mouth (B) th a t  was occupied fo r  e ig h t  

d i f f e r e n t  24-48 hour p e rio d s  in  1974 du ring  which s a l i n i t y  was measured 

a t  two m eter depth in te r v a ls  every two h o u rs . S ta tio n  lo c a t io n s  a re  

shown in  F igu re  2. Data from a t o t a l  o f 195 h y d ro casts  re p re s e n tin g  

45 d i f f e r e n t  days were an a ly zed .

S a l in i ty  d a ta  fo r  th e  low er Rappahannock R iver were o b ta in ed  

from a study  (P arker and Fang, 1975) th a t  u t i l i z e d  s u rfa c e  and bottom  

sa lin o m ete rs  a t  two s ta t io n s ,  N o rris  B ridge and Smoky P o in t (F igure  1 ) . 

S a l in i t i e s  were recorded h a l f  hou rly  from 18 June through 9 September 

a t  N o rris  B ridge and from 19 Ju ly  through 9 September a t  Smoky P o in t .
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During th e  two month p e rio d  fo llow ing  T ro p ic a l Storm Agnes 

(Ju ly  and August 1972) s la c k  w a te r runs were made by VIMS perso n n e l in  

the James, York and Rappahannock R ivers  on an approxim ately  d a i ly  b a s is  

du ring  th e  f i r s t  month and approxim ately  tw ice-w eekly th e r e a f te r .  

S a l in i ty  was measured a t  two m eter depth  in te rv a ls  a t  s e le c te d  s ta t io n s  

in  each of th e  r iv e r s  (F igu res 6 , 7 and 8 ) . The d i s t r ib u t io n  o f i s o -  

h a lin e s  along th e  lo n g itu d in a l  s e c t io n  o f th e  r iv e r s  was p lo t te d  fo r  

each sam pling d a te  (Hyer and R uzecki, 1974).

R iver d isch a rg e  to  th e  low er York R iv er was c a lc u la te d  by 

summing th e  mean d a i ly  flow  r a te s  (U nited S ta te s  Department o f th e  

I n t e r i o r ,  1975) measured a t  gauging s ta t io n s  on th e  Pamunkey and 

M attaponi R ivers (F igu re  1 ) ,  and m u ltip ly in g  by 1 .54 to  c o r re c t  fo r  

the  p ro p o rtio n  o f d ra in ag e  a re a  in  th e  York R iver w atershed  below the  

gauging s ta t io n s  ( S e i tz ,  1971). R iv er d isch a rg e  to  th e  low er 

Rappahannock R iv er was c a lc u la te d  by m u ltip ly in g  th e  mean d a i ly  flow 

r a te s  measured a t  th e  F red rick sb u rg , V irg in ia  gauging s ta t io n  (U nited 

S ta te s  Department o f the I n t e r i o r ,  1975) by a w atershed c o r re c tio n  

f a c to r  o f  1 .39  ( S e i tz ,  1971).

For t h i s  s tu d y , the  s u rfa c e - to -b o tto m  s a l i n i t y  d if f e re n c e  

(A) was used as a r e l a t iv e  m easure of s t r a t i f i c a t i o n ,  i . e .  l a r g e r  v a lu e s  

of A in d ic a te  a g re a te r  degree of s t r a t i f i c a t i o n .  When more than  one 

v a lu e  of A was a v a i la b le  from a s in g le  s ta t io n  fo r  th e  same day, th e  

mean was used and th e  number of o b se rv a tio n s  in d ic a te d .

The mean d a i ly  t id e  range (R) and th e  mean d a l ly  high t id e  

h e ig h t (H) were bo th  used as r e l a t iv e  m easures of th e  t i d a l  c u r re n t.  

Assuming a l l  o th e r  c o n d itio n s  c o n s ta n t,  the  volume o f  w ater moving 

through a  s e c tio n  o f th e  e s tu a ry  d u ring  a t i d a l  cy c le  and hence th e



t i d a l  cu rren t i s  p ro p o rtio n a l to  bo th  th e  t id e  range and the  s tand  of 

h igh  w a te r fo r  th a t  p e rio d . Values o f R and H were computed from 

published  t id e  ta b le s  (United S ta te s  Department of Commerce, 1973) 

and re p re se n t p re d ic te d  cond itions a t  km 0-11 and km 15-40 in  the 

York and Rappahannock R iv ers , re sp e c tiv e ly . Values of R and H computed 

fo r  th e  post-Agnes period  (U nited S ta te s  Department o f Commerce, 1971) 

r e f l e c t  co n d itio n s  a t  Hampton Roads, V irg in ia  w ith  no c o rre c tio n  fo r  

the in d iv id u a l r iv e r  system s.



RESULTS

R esu lts  from two of th e  24-48 hour s ta t io n s  r e f l e c t  th e  wide 

range of s t r a t i f i c a t i o n  co n d itio n s  observed in  th e  lower York R iver 

during  1974. The mean value of A f o r  18-19 June was 8.6 o/oo (n=18) 

and th e  v e r t i c a l  d is t r ib u t io n  of s a l in i ty  in d ic a te d  a  w e ll s t r a t i f i e d  

w ater column. The su rface  and bottom  s a l i n i t i e s  f o r  21-22 August were 

a l l  w ith in  the range of 20.4 o/oo to  20.7 o/oo and th e  mean v a lu e  of A 

was 0.06 o/oo (n=14), in d ic a tin g  a v e r t i c a l ly  homogeneous w ater column.

P lo tt in g  th e  su rface  and bottom s a l i n i t i e s  from the  lower 

York R iver a g a in s t tim e revealed  th a t  the norm ally s t r a t i f i e d  w ater 

column was in te r ru p te d  by p erio d s  o f  homogeneity, defined  h e re  as A <

1.0 o /o o , p e r s is t in g  up to  fo u r days (su rface  and bottom  s a l i n i t i e s  

from m id-June through August f o r  s ta t io n s  Y0.0, X, I I I  and B a re  shown 

in  F igure  3 ). During 1974, homogeneity was observed in  th e  lower York 

R iver on twelve occasions: 11 February ; 28 March; 10 May; 4 and 26

June; 22-25 Ju ly ; 9 and 21-23 August; 3 September; 7 O ctober; 7 and 

13 November (F igure 4 ) .

P lo t t in g  th e  mean d a i ly  su rface  and bottom s a l i n i t i e s  from 

th e  Rappahannock R iver a g a in s t tim e rev ea led  th a t  both  s ta t io n s  under

went n e a r ly  id e n t ic a l  monthly cy c les  o f s t r a t i f i c a t i o n  and homogeneity 

(F igu re  3 ). Comparison w ith  th e  low er York R iver in d ic a te s  th a t  th e  

th re e  periods of homogeneity observed in  th e  lower Rappahannock R iver 

(25-30 June; 19-29 J u ly ;  18-25 August) co in c id e  w ith  the  p e rio d s  of
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homogeneity observed in  th e  low er York R iver (shaded a rea  F igure 3 ). 

However, the d u ra tio n  of homogeneity appears lo n g er (8-10 days du ra tion ) 

and th e  m agnitude of s t r a t i f i c a t i o n  le s s  in  th e  Rappahannock R iver than 

in  th e  York R iver.

When p lo tte d  a g a in s t tim e, the va lu es  o f R and H d escrib e  

bo th  a lu n ar and annual p e r io d ic ity  (F igure 4 ) . TWo sp rin g  and neap 

tid e s  p e r month a re  c le a r ly  expressed and in  most in s tan ce s  th e re  i s  

marked in e q u a li ty  in  th e  magnitude o f ad jacen t sp rin g  t id e s  and ad jacen t 

neap t id e s .  The annual cycle o f H i s  ch a ra c te r iz e d  by h ig h e s t spring  

h igh  t id e s  from Ju ly  through O ctober and low est sp ring  h igh  t id e s  in  

December and February. The annual cycle  o f R shows maximal values in  

January-M arch and July-Septem ber and minimal values in  April-May and 

November-December. The magnitude of both  R and H i s  approxim ately two 

tim es g re a te r  in  th e  low er York than in  th e  low er Rappahannock (F ig u re  3 ) .

Comparing th e  degree of s t r a t i f i c a t i o n  w ith  th e  t i d a l  cycle  

fo r  th e  lower York R iver in d ic a te d  th a t  a l l  eleven periods o f  homogeneity 

occurred one to  s ix  days fo llow ing a sp rin g  high t id e  peak (Figure 4 ) .  

Mixing appeared most in te n se  fo llow ing h ig h e r sp rin g  peaks (22-25 Ju ly  

and 21-23 August) w hile  s t r a t i f i c a t i o n  appeared most h igh ly  developed 

fo llow ing  neap t id e  periods (F igure  3 ). On fou r o ccasio n s, 29 May;

10 June; 10 J u ly ;  and 5 December, sampling during  th e  s ix  day period 

fo llow ing  a  sp rin g  h igh t id e  peak did  n o t re v e a l v e r t i c a l  homogeneity 

(F igure 4 ). The observation  of homogeneity on 11 February , th re e  days 

fo llow ing  a sp rin g  t id e  peak, was confined to  fo u r hyd rocasts  a t S ta tio n  

B th a t  measured va lues of A from 0.50 o/oo to  0.80 o /oo . However, th e  

mean values of A f o r  11 and 12 February were 1.75 o/oo (n=9) and 5.25 

o/oo (n=4), re sp e c tiv e ly .
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Comparing th e  degree of s t r a t i f i c a t i o n  w ith  the  t i d a l  cyc les  

a t  th e  Rappahannock R iver s ta t io n s  in d ic a te d  th a t  maximum homogeneity 

occurred  one to  s ix  days fo llo w in g  th e  h ig h e r  monthly sp rin g  t id e  peaks 

(shaded a rea  F igu re  3 ) ,  r e s u l t in g  in  a re g u la r  monthly p a t te rn  o f 

s t r a t i f i c a t i o n  and hom ogeneity.

The apparen t a s so c ia tio n  between th e  sp rin g -n eap  t i d a l  cycle  

and the s tra tif ic a tio n -h o m o g e n e ity  cycle  i s  i l l u s t r a t e d  by th e  l in e a r  

re g re s s io n s  between lo g  A and R o r H (Table I ) .  Combining a l l  o f th e  

d a ta  from th e  low er York R iv e r, th e  h ig h e s t c o r re la t io n  between A and 

e i t h e r  R o r H was observed when a  delay  fa c to r  o f -4  days was Included 

in  th e  t i d a l  param eter i . e .  s a l i n i t y  o b se rv a tio n  was c o r re la te d  w ith  

th e  value o f the  t i d a l  param eter observed fo u r days p re v io u s ly . The 

goodness of f i t  f o r  any given v a lu e  of th e  delay  f a c to r  from zero th rough 

-7  was always h ig h e r  fo r  A v ersu s  H than  fo r  A v e rsu s  R. R e s tr ic t in g  

the  re g re s s io n  to  d a ta  c o lle c te d  a t  th e  th re e  s ta t io n s  n e a re s t  th e  

r iv e r  mouth (S ta tio n  B, I  and Y0.0) f u r th e r  in c reased  th e  goodness of 

f i t  (Table I ) .

For bo th  Rappahannock R iver s ta t io n s ,  th e  b e s t  f i t  between A 

and e i th e r  R o r H was a lso  observed w ith  a delay  f a c to r  of -4  days.

For the N o rris  Bridge d a ta ,  th e  goodness o f f i t  fo r  any given value  

of th e  delay  f a c to r  was h ig h e r  fo r  A v e rsu s  H th an  f o r  A v e rsu s  R, 

w h ile  th e  re v e rse  was t ru e  f o r  th e  Smoky P o in t d a ta  (Table I ) . The 

b e t t e r  f i t  f o r  A versu s  R a t  Smoky P o in t may be a r e s u l t  o f  th e  

r e la t iv e ly  s h o r t tim e span encompassed by th e  d a ta . This i s  supported  

by th e  o b se rv a tio n  th a t  l im it in g  th e  N o rris  B ridge re g re s s io n  to  d a ta  

corresponding to  th e  tim e span of th e  Smoky P o in t d a ta  g re a tly  in creased  

th e  b e s t  f i t  c o r re la t io n  o f A versus R r e l a t iv e  to  A v e rsu s  H fo r  th e
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form er s ta t io n .  A ll o f th e  re g re s s io n s  in  Table 1 in d ic a te  a very  

h ig h ly  s ig n i f ic a n t  (P<<0.001) n eg a tiv e  c o r re la t io n  between A and R 

o r H.

The annual cyc le  o f f lu v i a l  d isch a rg e  in to  th e  low er York R iver 

fo r  1974 (F igure 5) in d ic a te d  th a t  low est d isch a rg e  occurred  during  

J u ly ,  August and October (monthly means < 30 m^s- !)  w h ile  h ig h e s t 

d isch a rg e  occurred  in  Jan u ary , March and A p ril (monthly means > 100 m^s“ l ) . 

The annual cycle  o f d isch a rg e  c a lc u la te d  fo r  th e  Rappahannock R iver was 

n e a r ly  id e n t ic a l  in  magnitude and p e r io d ic i ty  to  th a t  o f  th e  York R iver.

During th e  post-Agnes p e rio d  th e  James, York and Rappahannock 

R ivers e x h ib ite d  s im ila r  cyc les  c h a ra c te r iz e d  by fo u r a l te r n a t in g  p erio d s  

of s t r a t i f i c a t i o n  and hom ogeneity. The d a ily  d i s t r ib u t io n  of is o h a lin e s  

re p re se n tin g  th e  most h ig h ly  developed co n d itio n s  of s t r a t i f i c a t i o n  and 

homogeneity observed In  th e se  r iv e r s  a re  shown in  F igures 6 , 7 and 8.

The cycle  o f R and H fo r  th is  tim e p e rio d  was c h a ra c te r iz e d  by fo u r con

s e c u tiv e , n e a r ly  equal and r e l a t iv e ly  la rg e  sp rin g  t id e  peaks (F igure  9 ) .

A comparison o f th e  t i d a l  and s t r a t i f i c a t i o n  cy c les  revealed  

th a t  in  each r iv e r  maximum observed s t r a t i f i c a t i o n  (2-4 and 18-21 Ju ly  

and 3-4 and 14-21 August) co incided  w ith  neap t id e s  w h ile  maximum 

observed homogeneity (11-13 J u ly ,  31 Ju ly -1  A ugust, 7-11 and 25-29 

August) co incided  w ith  sp rin g  t id e s  (F igure 9 ) . Homogeneity was not 

observed in  any o f the  r iv e r s  during  th e  sp rin g  t id e  o f 25-30 June.

The two l e a s t  developed p e rio d s  o f homogeneity (31 Ju ly -1  August and 

8-11 A ugust), ty p if ie d  by s t r a t i f i c a t i o n  p e r s i s t in g  a t  th e  R iver 

m ouths, co incided  w ith  th e  two low est sp rin g  peaks. The period  of 

th e  l e a s t  developed s t r a t i f i c a t i o n  (3-4 August) co in c id ed  w ith  th e  

l e a s t  developed and s h o r te s t  o f the fo u r neap t i d e  p e r io d s .
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DISCUSSION

The phenomenon o f an e s tu a ry  re g u la r ly  o s c i l la t in g  between 

co n d itio n s  o f  v e r t ic a l  s t r a t i f i c a t i o n  and homogeneity in  con junction  

w ith  the  monthly sp ring-neap  t i d a l  cycle has n o t, to  my knowledge, 

been p rev io u sly  re p o rte d . Presumably th e  in c reased  tu rb u le n t mixing 

a sso c ia ted  w ith  in creased  t id a l  c u rre n ts  during  sp rin g  t id e s  causes 

the  s h i f t  from a s t r a t i f i e d  to  a w ell-m ixed w ater column. Conversely, 

decreased tu rb u le n t mixing during neap t id e s  perm its the  re im p o sitio n  

of s t r a t i f i c a t i o n ,  presumably through the in f lu x  of h ig h er s a l i n i t y  

bottom  w ater.

The g e n e ra lly  b e t t e r  c o r re la t io n  between A and t i d a l  heigh t 

r a th e r  than t i d a l  range may r e f l e c t  the  p a r t ic u la r  geomorphology of 

th ese  e s tu a r ie s .  In  a s tr a ig h t- s id e d  e s tu a ry  th e  volume of th e  t id a l  

prism  and hence th e  magnitude of th e  t i d a l  cu rren t would be d i r e c t ly  

p ro p o rtio n a l to  the  t i d a l  range and the t i d a l  h e ig h t ,  th e  l a t t e r  

assuming a constan t le v e l o f law t id e .  However, th e  James, York and 

Rappahannock e s tu a r ie s  are  bordered  by low lying marshes which flood  on 

s u f f ic ie n t ly  h igh ( i . e .  sp rin g ) h igh  t id e s ,  r e s u l t in g  in  a d isp ro 

p o r tio n a te ly  la rg e  t i d a l  prism  and hence g re a te r  t i d a l  c u r re n ts .

Lower than normal (sp rin g ) low t id e s  do n o t have a comparable e f f e c t .

S ince the  magnitude of th e  t i d a l  range i s  a cum ulative fu n c tio n  of the 

h e ig h t o f  su ccess iv e  high and low t i d e s , i t  follow s th a t  th e  s t r a t i f i c a t i o n -  

mixing cycle  should be more c lo se ly  c o r re la te d  w ith  the  h e ig h t o f h igh
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t id e  than w ith  th e  magnitude o f th e  t i d a l  range. As an example, the 

lim ite d  occurrence o f homogeneity observed on 11-12 February i s  p re

d ic te d  more ac c u ra te ly  by th e  sm all sp rin g  high t id e  peak on 8 February 

than by th e  la rg e  sp rin g  t id e  range peak on the  same dqy, th e  l a t t e r  

r e s u l t in g  from extreme low t id e s .

The minimum value o f H th e o re t ic a l ly  necessary  to  a t t a i n  A <

1.0  o /oo , c a lc u la te d  from th e  equations in  Table 1 , i s  0 .78  m fo r  the 

lower York R iver. This may ex p la in  th e  absence o f mixing observed on 

10 Jun e , 10 Ju ly  and 5 December, a l l  d a tes  w ith in  s ix  days fo llow ing 

a sp rin g  h igh  t id e  le s s  than 0 .78  m. However, on fo u r occasions 

mixing was. observed fo llow ing sp rin g  h igh t id e  peaks le s s  than  th e  

p re d ic te d  minimal value (28 March; 10 May; 4 June and 9 A ugust), sug

g es tin g  th a t  du ring  th e se  p erio d s  fa c to rs  such as r iv e r  flow o r  wind 

d ire c t io n  and v e lo c ity  may be in flu en c in g  th e  mixing p ro cess . The 

number o f sp rin g  high t id e  peaks p e r  month exceeding th is  minimum value 

and th e  nunber o f consecu tive  days th a t  each peak exceeds th is  value 

(F igure  4) suggests  th a t  both  the  occurrence and s e v e r i ty  o f mixing should 

be g re a te r  in  th e  l a t e  summer-early f a l l  than in  w in te r . The r e s u l ts  

from th e  lower York R iver g e n e ra lly  conform to  th i s  p a t te r n ,  although 

th is  may a lso  r e f l e c t  th e  g re a te r  frequency of sam pling during  the 

summer.

The r e la t iv e ly  r e s t r i c t e d  tim e span of th e  Rappahannock R iver 

d a ta  p rec ludes i t s  use in  p re d ic tin g  th e  occurrence of mixing in  o th e r 

months o f the y e a r . However, i t  i s  apparent th a t  cycles o f s t r a t i f i c a t i o n  

and mixing can occur on both a monthly (F igure 3) and bim onthly (F igure 9) 

b a s is  i n  the  Rappahannock R iver.
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The extreme d is ta n c e  between th e  York R iver mouth and the 

gauging s ta t io n s  on i t s  upper t r ib u ta r ie s  (ca . 100 and 150 km fo r  the 

M attaponi and Pamunky, re sp e c tiv e ly )  com plicates a q u a n ti ta t iv e  

assessm ent o f th e  e f f e c t  o f fre sh w ate r flow  on th e  hydrography of the  

low er R iver. However, the  annual cycle  o f York R iver flow fo r  1974 

appears to  compliment r a th e r  than oppose th e  proposed e f f e c t  o f the  

sp ring-neap  t i d a l  cycle on v e r t i c a l  s a l in i ty  d is t r ib u t io n .  Low r iv e r  

flows in  l a t e  summer-early f a l l ,  in  con junction  w ith  h igh sp rin g  high 

t id e s ,  should  enhance both th e  occurrence and in te n s i ty  of m ixing.

Low r iv e r  flow may have co n trib u ted  to  th e  four non -p red ic ted  periods 

of mixing p rev io u sly  d escrib ed . Conversely, h igh r iv e r  flows in  

w in te r , in  con junction  w ith  low sp rin g  h igh  t id e s  should favo r th e  

maintenance of s t r a t i f i e d  co n d itio n s . D esp ite  the  ap p aren tly  com

p lim en tary  r e la t io n s h ip  between r iv e r  flow  and t i d a l  cy c le , r iv e r  flow 

i s  o f secondary im portance in  re g u la tin g  the  hydrographic c h a r a c te r is t ic s  

o f  th is  e s tu a ry . This i s  in d ic a ted  by the  i r r e g u la r  n a tu re  o f f re sh 

w ater flow compared to  th e  r e g u la r i ty  o f th e  spring-neap  t i d a l  c y c le , 

th e  sh o rt term  ( i . e .  biweekly) p e r io d ic i ty  of the s t r a t i f ic a t io n -m ix in g  

cycle  and i t s  c o r re la t io n  w ith  th e  spring-neap  t i d a l  cycle .

The s im i la r i ty  between th e  post-Agnes s tr a t i f ic a tio n -m ix in g  

cycles and those observed in  1974, suggest th a t  th e  former cycles were 

n o t a consequence of post-Agnes f lo o d in g , as suggested by Hyer and 

Ruzecki (1974), b u t were a m an ife s ta tio n  of th e  normal o s c i l la to r y  

n a tu re  o f th e  s u b e s tu a r ie s . The re tu rn  of both  r iv e r  flows (Ruzecki, 

1974) and t i d a l  h e ig h ts  (Jacobson and Fang, 1974) to  n ear normal le v e ls  

by the  f i r s t  week in  Ju ly , support th i s  conclusion .
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A nalysis o f the d a ily  change in  th e  d is t r ib u t io n  of iso h a lin e s  

in  th e  James, York and Rappahannock R ivers during  1972 rev ea led  th a t  

v e r t i c a l  homogeneity o r ig in a te d  in  th e  upper segments of the s a lin e  

in flu en ced  se c tio n s  o f each r iv e r  and progressed  downstream. This may 

be exp lained  by low er v e r t i c a l  s a l i n i t y  g ra d ie n ts , in creased  a rea  of 

m arshland, g re a te r  t i d a l  ranges and sm a lle r  r iv e r  volumes u p r iv e r ,  a l l  

o f  which w i l l  enhance th e  p o s s ib i l i ty  o f th e  mixing phenomenon. The 

apparent i n i t i a t i o n  of v e r t ic a l  mixing u p r iv e r  suggests th a t  th e  

magnitude of th e  delay f a c to r  derived  from th e  b e s t  f i t  l in e a r  reg re ss io n s  

i s  a fu n c tio n  of th e  lo n g itu d in a l p o s it io n  in  the  r iv e r ,  in c re a s in g  

n eg a tiv e ly  as one moves toward th e  mouth. The absence o f a c o n s is te n t 

delay  p e rio d  when e n t i r e  r iv e r  systems are  considered (F igure 9 ) ,  and 

the presence of such a fa c to r  when a n a ly s is  i s  lim ite d  to  d a ta  from 

the  lower r iv e r  segments (Table I) support th i s  conclusion .

The ex te n t to which the  low er Chesapeake Bay e x h ib its  th e  

s tra t i f ic a tio n -m ix in g  cycle  i s  p re se n tly  unknown. However, th e  

observ a tio n  th a t  th e  w aters of the  lower Bay vary  w ith  time from 

s t r a t i f i e d  to  w e ll mixed (G. C. G rant, p e rso n a l communication) and th e  

r e s u l ts  of th e  post-Agnes sampling in  the  low er Bay (Kuo, Ruzecki and 

Fang, 1974) both  suggest the  presence o f  such a  cy c le . I f  the  lower 

Bay fu n c tio n s  p rim arily  as an ex tension  of i t s  su b es tu a rie s  then  one 

might expect a response s im ila r  to  th a t  observed in  th e  r iv e r s ,  b u t 

w ith  an in c reased  delay p e rio d . I f  th e  lower Bay fu n c tio n s  la rg e ly  

Independent o f i t s  su b es tu a rie s  i t  may e i th e r  r e f l e c t  a  cycle d if f e r e n t  

than th e  r iv e r s  o r no cycle a t  a l l .

!i
!
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Both th e  extreme range of observed s t r a t i f i c a t i o n  cond itions 

and th e  sh o rt response time of the  system  to  the  fo rc in g  function  

presumably causing  th ese  changes emphasizes th e  h igh ly  dynamic n a tu re  

o f th ese  e s tu a r ie s .  I t  i s  apparent th a t  conventional c la s s i f ic a t io n  

schemes which co n sid e r e s tu a r ie s  as e s s e n t ia l ly  unchanging e n t i t i e s  

( i . e .  m oderately s t r a t i f i e d ,  w e ll m ixed), a re  of lim ited  u t i l i t y  w ith  

re sp e c t to the James, York and Rappahannock R ivers. Hansen and R a ttra y 's  

(1966) method o f c la s s i f ic a t io n  does r e f l e c t  th e  c a p a b ility  of v a r ia b le  

fa c to rs  to  a l t e r  th e  hydrographic p a tte rn s  o f an e s tu a ry , and appears 

to  be more ap p ro p ria te  fo r  the systems considered  in  th is  study .

However, the prim ary re g u la tin g  f a c to r  in  th e se  e s tu a r ie s  appears to  

be th e  biw eekly v a r ia t io n  in  the t i d a l  c u rre n t r a th e r  than th e  annual 

v a r ia t io n  in  r iv e r  flow.

Increased  understanding  of th e  hydrographic c h a r a c te r is t ic s  

of th ese  e s tu a r ie s  may co n tr ib u te  to  in c reased  understanding of o th e r 

asp ects  o f the  t o t a l  ecology of th e  system . Plankton production  in  

c o a s ta l and oceanic a reas has been shown to  be In fluenced  by the  degree 

of s t r a t i f i c a t i o n  and mixing (Gran and B raarud, 1935; Sverdrup, 1953). 

The co n cen tra tio n  and d is t r ib u t io n  of suspended sedim ents in  e s tu a rin e  

systems i s  e ffe c te d  by th e  t i d a l  cu rren ts  (Postrna, 1967). The apparent 

p r e d ic ta b i l i ty  o f  th e  s tr a t i f ic a t io n -m ix in g  process i s  of p a r t ic u la r  

v a lu e . R esu lts  o f  b io lo g ic a l  s tu d ie s  can be in te rp re te d  w ith  a b e t te r  

knowledge of th e  p a s t h is to ry  of the  b io ta .  The r e s u l ts  o f  p a s t s tu d ie s  

can be re in te rp re te d  in  th e  l ig h t  of th ese  new fin d in g s . Fu ture s tu d ie s  

can be planned to  take  in to  account the w idely vary ing  hydrographic 

cond itions th a t  might be expected.
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R egardless o f the  even tual ram ific a tio n s  o f th ese  f in d in g s  

w ith  re sp e c t to  our p ercep tio n  of th e  low er Chesapeake Bay and i t s  

su b e s tu a r ie s , i t  i s  apparent th a t  a re g u la to ry  fa c to r  which h e re to fo re  

has been la rg e ly  overlooked in  s tu d ie s  o f e s tu a r in e  hydrography, is  

p lay ing  a s ig n i f ic a n t  r o le .  I t  i s  im perative th e re fo re , th a t  subsequent 

s tu d ie s  a re  p ro p erly  designed to  e lu c id a te  th e  p o ss ib le  co n tr ib u tio n  

of a v a r ia b le  t i d a l  param eter to  e s tu a rin e  hydrography and ecology.



ACKNOWLEDGMENTS

I  am g ra te fu l  to  Mr. E. P. Ruzecki fo r  h is  advice and

d iscu ss io n s  concerning e s tu a r in e  hydrography and fo r  h is  c r i t ic is m  of

the  m anuscrip t, and to Dr. K. L. Webb fo r  h is  review of the  m anuscript. 

I  would l ik e  to  thank Mr. D. Black and Dr. C. S. Fang fo r  making 

a v a ila b le  th e  Rappahannock R iver d a ta  and Mr. F. J .  Wojcik fo r  h is  

a s s is ta n c e  w ith  th e  s t a t i s t i c s .  Support f o r  the  d u ra tio n  o f th i s  work

was provided by th e  N ational A eronautics and Space A dm in istra tion

(g ran t NASA -  NGL 47-022-005). The York R iver f ie ld  work was supported 

in  p a r t  by funds from a N ational Science Foundation, Research Applied 

to  N ational Needs (RANN) g ran t GI-38973 to  the  Chesapeake Research 

Consortium, In c .



35

Figure 1. Lower Chesapeake Bay with the James, York and Rappahannock Rivers. 

UJ 
~ Sampling stations in the Rappahannock River and gauging stations 

on the Mattaponi and Pamunkey Rivers are shown. 
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Figure 2. Lower York River showing location of sampling stations. 5.5 meter 

depth contour is shown • 



7
6

°|
2

5
'

I—I

3 
KM

.



Figure 3. Values o f  p re d ic te d  t i d a l  range (R ), p re d ic te d  

h igh  t id e  h e ig h t (H), and s u rfa c e  -  - )  and

bottom  (-----) s a l i n i t i e s  fo r  th e  low er York R iver

( l e f t  hand a x is )  and low er Rappahannock R iver 

( r ig h t  hand ax is)  during  th e  p e rio d  10 June 

through 31 August 1974. Shaded a reas  i l l u s t r a t e  

the  r e la t io n s h ip  between p e rio d s  o f maximum 

v a lu es  of R and H and p e rio d s  o f  homogeneity in  the  

low er York and Rappahannock R iv e rs .
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Figure 4. Values of mean daily tidal range (-) and mean daily high tide height 

(·•••) for the lower York River for 1974. Days on which vertical 

salinity homogeneity were observed are indicated e , vertical salinity 

stratification observations are indicated•. Horizontal line indicates 

a tidal magnitude of 0.78 meters. 
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Figure 5. Mean daily rates of freshwater flow to the lower York River for 1974. 
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F igure  6. D is tr ib u tio n  of iso h a lin e s  on th e  lo n g itu d in a l  

s e c t io n  o f th e  James R iver fo r  s e le c te d  days 

during  th e  post-A gnes p e r io d , i l l u s t r a t i n g  

a l te r n a t in g  p e rio d s  o f maximum observed 

s t r a t i f i c a t i o n  ( l e f t  hand column) and 

homogeneity ( r ig h t  hand column). (Taken 

from Hyer and Ruzecki, 1974).
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Figure 7. D is tr ib u tio n  of iso h a lin e s  on th e  lo n g itu d in a l

s e c tio n  of the York R iver f o r  s e le c te d  days during 

th e  post-Agnes p e r io d , i l l u s t r a t i n g  a l te rn a t in g  

periods o f maximum observed s t r a t i f i c a t i o n  ( l e f t  

hand column) and homogeneity ( r ig h t  hand column). 

(Taken from Hyer and Ruzecki, 1974).
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ID 

Figure 8. Distribution of isohalines on the longitudinal section of the Rappahannock 

River for selected days during the post-Agnes period, illustrating alternating 

periods of maximum observed stratification (left hand column) and homogeneity 

(right hand column). {Taken from Hyer and Ruzecki, 1974). 
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F ig u re  9. Values o f p re d ic ted  t id a l  range ( ) and p red ic ted

h ig h  t id e  h e ig h t (•......... ) fo r  th e  period  20 June

through 31 August, 1972 a t  Hampton Roads, V irg in ia . 

P eriods o f maximum observed homogeneity (Q ) and 

maximum observed s t r a t i f i c a t i o n  (Q ) in  the James 

(J) , York (Y) and Rappahannock (R) R ivers a re  

in d ic a te d .
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ABSTRACT

A s ta t io n  in  the low er York R iv e r ( s a l in i ty  15-25 o /oo; 

depth ca. 18 m eters) was occupied on e ig h t  sep a ra te  occasions (24-36 

hour d u ra tio n ) du ring  1974 fo r  thepurpose of s tudying  the  phytoplankton 

dynamics i n  th is  tem perate e s tu a r in e  system . C hlorophyll a (Chi a) 

and -^C in  s i tu  prim ary p roduction  (PP) f o r  both th e  to ta l  phyto

p lankton and nannoplankton (< 15 ym) w ere measured a t  four depths in  

the euphotic zone a t  reg u la r I n te rv a ls .  The nannoplankton accounted 

fo r  65-90% of the t o t a l  Chi a and PP d u rin g  each s ta t io n  excep t 

February (55% Chi a and 19% PP) and May (44% Chi a  and 37% PP) . Nanno

plankton in flu en c e  appeared to  peak in  l a t e  summer. Maximum d a ily  Chi a 

lev e ls  ranged from 5-25 yg 1"3. w ith  no apparen t seaso n a l t re n d . A d ie l  

v a r ia t io n  was observed in  Chi a  abundance with h ig h e s t co n cen tra tio n s 

a t  mid a fte rn o o n  and lowest co n c e n tra tio n s  a t m idnight to 0300. The 

d a ily  in c re a se  in  nannoplankton Chi a g e n e ra lly  doubled th e  minimum 

d a lly  c o n c e n tra tio n . P lo ts  o f  a s s im ila tio n  r a t io  (ygC hr~^yg Chi a- "*-) 

versus in  s i t u  l i g h t  in te n s i ty  fo r both th e  to ta l  and nannoplankton 

resembled ty p ic a l  p h o to sy n th esis  versus l ig h t  in te n s i ty  curves ( i . e .

hyperbo lic ) w ith  no in h ib i t io n  observed a t  l ig h t  le v e ls  up to  0 .6  
— 1langleys min . A d ie l  v a r ia t io n  was observed in  a s s im ila tio n  r a t io s  

w ith  h ig h e s t v a lu es  in  the a fte rn o o n  on sh o rt and medium le n g th  days 

and high morning and afternoon  values sep ara ted  by a noontime dep ression  

on long days. L ig h t sa tu ra te d  a s s im ila tio n  r a t io s  (Pmax) were g e n e ra lly
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c o r re la te d  w ith  tem pera tu re . However, Pmax v a lu es  in  Ju ly  and August 

were reduced to  50% o f th e  June v a lu es  ( a t  comparable tem peratu res) 

presum ably a r e s u l t  of shade a d a p ta tio n  a s so c ia te d  w ith  a su rfa c e  mixed 

la y e r  5-6  tim es deeper than  th e  eupho tic  zone. High Pmax v a lu es  fo r  th e  

n e t p lank ton  (> 1 5  ym) in  February  were presumed to  be due to  tem poral 

su ccess io n  o f a c o ld  adapted sp e c ie s . The r e s u l t s  suggest th a t  a 

h ig h ly  dynamic nannoplankton community e x is ts  in  t h i s  e s tu a ry , p o ss ib ly  

doubling  every 24 hours b u t w ith  biom ass accum ulations lim ite d  by 

g raz in g . I t  i s  proposed th a t  a  c lo se  coupling  e x i s t s  between zoo- 

p lank ton  g raz in g , ammonia e x c re tio n  and phytoplankton  ammonia assim 

i l a t i o n  and th a t  seaso n a l p ro d u ctio n  i s  in flu en ced  by hydrographic 

c o n d itio n s  which re g u la te  th e  degree o f  s t r a t i f i c a t i o n  and m ixing.
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INTRODUCTION

D esp ite  th e  h igh prim ary p ro d u c tiv ity  th a t  i s  c h a r a c te r is t ic  

of tem perate e s tu a r in e  system s, our knowledge of th e  dominant phyto

p lankton  species  and the  f a c to rs  re g u la tin g  t h e i r  p roduction  in  these  

environments i s  s t i l l  l im ite d . One approach to  in c reasin g  our under

stan d in g  of th e  dynamics o f th e se  systems i s  to  c a p i ta l iz e  on th e  c lo se ly  

lin k ed  r e la t io n s h ip  between th e  organism and th e  environment th a t  i s  char

a c t e r i s t i c  of phytoplankton (H arris  and L o tt ,  1973). In  th i s  manner, 

la rg e  and sm all s c a le  changes ( in  tim e and space) in  phytoplankton 

param eters can be r e la te d  to  environm ental changes and a c a u se -e ffe c t 

r e la t io n s h ip  e lu c id a te d .

The e f fe c tiv e n e s s  o f th i s  approach may be enhanced by con

s id e r in g  r e la t iv e ly  re c e n t changes in  our concept of phytoplankton 

dynamics. For example, p a s t  emphasis on n u tr ie n t  l im ita t io n  of phyto

p lankton  production  has obscured th e  fa c t  th a t  o th e r  fa c to rs  such as 

tem peratu re , l i g h t ,  g razing  and hydrographic f e a tu re s ,  a c tin g  e i th e r  

s in g ly  or in  com bination, may re g u la te  the phytoplankton . This i s  

e s p e c ia lly  l ik e ly  in  tem perate e s tu a r ie s  which a re  r e la t iv e ly  n u tr ie n t  

r ic h  compared to  o th e r m arine environments.

In  re c e n t y e a rs , th e re  has been an in c reas in g  awareness of 

the s ig n i f ic a n t  r o le  o f th e  very  sm all phytoplankton (< 15 ym, i . e .  

th e  nannoplankton) in  p lankton  communities (Pomeroy, 1974). When 

th e  p re sen t study was I n i t i a t e d ,  however, th e re  was no q u a n ti ta t iv e
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in fo rm ation  on th e  c o n tr ib u tio n  of nannoplankton to  th e  prim ary p ro 

d u c tio n  of the Chesapeake Bay d e s p ite  p rev ious evidence of th e i r  l ik e ly  

s ig n if ic a n c e  (M ackiernan, 1968; M arsh all, 1967; P a tte n , Mulford and 

W arinner, 19 63).

In the p a s t ,  most phytoplankton  s tu d ie s  emphasized seasonal 

v a r ia t io n  in  p lank ton  param eters. However, a growing awareness of th e  

p ro p en sity  of phytoplankton to  undergo d i e l  v a r ia t io n s  (S ourn ia , 1974) 

is  changing th is  experim ental approach. Increased  comprehension o f 

d ie l  cycles has b o th  p r a c t ic a l  and h e u r i s t i c  im p lica tio n s  fo r  p lank ton  

re se a rc h . In  the form er ca se , understand ing  d ie l  p e r io d ic i t ie s  i s  

necessary  to  p ro p erly  ev a lu a te  th e  r e s u l t s  o f s in g le  d a i ly  sam ples, 

a n ecessary  c o n s tra in t  in  many phytoplankton in v e s t ig a t io n s .  In  th e  

l a t t e r  case , a b e t t e r  comprehension o f d i e l  cycles may help  to  e lu c id a te  

in te r r e la t io n s h ip s  between organisms and th e  environment th a t  cannot 

be perceived  by d i s c r e te  sampling over longer in te rv a ls  i . e .  days o r 

weeks.

In 1974, a study of phytoplankton dynamics in  th e  lower York 

R iver was undertaken w ith  th e  fo llow ing  o b je c tiv e s : to  determ ine th e  

c o n tr ib u tio n  of th e  nannoplankton to  th e  t o t a l  phytoplankton community; 

to  e lu c id a te  the  d iu rn a l  v a r i a b i l i t y  in h e re n t in  th e se  communities; and 

to  g a in  some in s ig h t  in to  th e  fa c to rs  re g u la tin g  phytoplankton pro

d u c tio n  in  th is  environm ent.
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STUDY AREA

The York R iv e r Is  ty p ic a l  o f the c o a s ta l  plain-drow ned r iv e r  

v a l l y  e s tu a rie s  t h a t  c h a ra c te r iz e  th e  major t r ib u t a r i e s  o f  th e  Chesa

peake Bay and th e  Bay i t s e l f .  The lower York R iv e r, in  w hich th is  

s tu d y  took p lac e , h a s  an average w id th  of 2 .5  km. and an average depth 

of 8 .5  m fl?ig. 1 ) .  A channel 16-18 m. in  depth extends th e  e n t i r e  leng th  

of t h e  lower r i v e r  and continues t o  th e  mouth o f  the Chesapeake Bay.

The annual range o f  su rface  tem p era tu res  and s a l i n i t i e s  a r e  ty p ic a l ly  

2- 2 8 ffC and 15-25 o / o o ,  r e s p e c t iv e ly .  The t i d e s  a re  se m i-d iu rn a l w ith  

a mean amplitude o f  0*7 m, and a  mean t id a l  excursion  o f abou t 7 km. 

F resh w ate r d isch a rg e  i s  lower i n  th e  summer and early  f a l l  and h ig h est 

in  th e  w inter and e a r ly  sp rin g .

The u n iq u e  hydrographic c h a r a c te r is t i c s  of t h i s  e s tu a r in e  

system  have been d e sc rib ed  (H aas, 1975) and a r e  b r ie f ly  summarized 

h e r e .  The major t r i b u t a r i e s  of th e  lower Chesapeake Bay ( th e  James, 

York and Rappahannock Rivers) r e g u la r ly  o s c i l l a t e  between co n d itio n s  

o f v e r t i c a l  s t r a t i f i c a t i o n  and homogeneity on a cycle t h a t  i s  c lo se ly  

c o r r e la te d  r e s p e c t iv e ly  w ith th e  neap and s p r in g  t id e s . I n  th e  lower 

York R iver p e rio d s  o f  v e r t ic a l  m ixing la s t in g  from 4-6 day s  a re  most 

h ig h ly  developed f o u r  days a f t e r  s u f f i c i e n t ly  h igh  sp ring  t id e s .  As 

a r e s u l t  of h ig h e r  sp ring  t id e s  and lower fre sh w a te r  ru n o f f  during th e  

summer and e a r ly  f a l l ,  periods o f  v e r t ic a l  m ixing are l i k e l y  to  be b o th  

more severe and m ore frequent (tw o p er month) than in th e  w in te r  when 

s t r a t i f i e d  c o n d itio n s  may e x is t  throughout th e  month.



METHODS AND MATERIALS

During 1974 a s ta t io n  lo ca ted  m id-channel a t  th e  mouth of 

th e  York R iv er (dep th  18 m) was occupied fo r  p e rio d s  of 24-36 hours 

on eigh t d i f f e r e n t  occasions: 11-12 February; 16-17 A p ril; 21-22 May;

18-19 June; 23-24 Ju ly ; 21-22 August; 1-2 O ctober; and 13-14 November.

Samples fo r  tem peratu re , s a l in i ty  and d isso lv ed  oxygen were
*■**

co lle c te d  w ith  a subm ersible pump a t  two m eter depth  in te rv a ls  every 

two hours fo r  th e  d u ra tio n  of th e  s ta t io n . Tem perature was measured 

to  the n e a re s t  0.2°C w ith  a th e rm is to r (Yellow Springs Instrum ent C o.). 

S a lin ity  was measured using a Beckman RS-7B In d u c tio n  Salinom eter. 

D issolved oxygen was measured by W inkler t i t r a t i o n  follow ing the  

procedures o f S tric k la n d  and Parsons (1972). The percen t oxygen 

s a tu ra t io n  was c a lcu la ted  w ith  a  nomogram from Green and C a r r i t t  (1967). 

E x tin c tio n  c o e f f ic ie n ts  (k ; m” l)  were ca lc u la te d  from p e rio d ic  measure

ments o f l i g h t  p e n e tra tio n  in  th e  w ater column made w ith an underw ater 

photometer equipped w ith  a cosine  f i l t e r  (G. M. Mfg. Corp. Model

268WA310). A continuous measure o f in c id en t r a d ia t io n  was recorded

on a py roheliom eter lo ca ted  10 km. from the s ta t io n .  L ight was

9 1 1 —1measured in  th e  u n its  of c a l  cm"z min ( la n g le y s  min-J- o r ly  min ) .  

Consequently, th e  mean in te g ra te d  l ig h t  in te n s i ty  fo r  any tim e span 

could be c a lc u la te d  fo r  any dep th .

Phytoplankton p roduction  was measured by th e  ^ C  technique 

(Steem ann-N ielsen, 1952) on w ater co llec ted  from depths of 0 .5 , 1 .0 ,
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2 .0  and 4 .0  m every two hours during the f i r s t  day (su n r ise  to  su n se t) 

o f each s ta t io n .  T r ip l i c a te  20 ml. a l iq u o ts  from each depth were 

placed in  30 ml. c a p a c ity  screw cap v ia l s  (two l i g h t ,  one dark) to  

which 0 .4  to  1 .0  yCi o f -^C lab e led  sodium carbonate  was added. The 

v ia l s  w ere re tu rn ed  to  th e i r  re sp e c tiv e  sampling dep ths in  th e  w ater 

fo r  two h o u rs , whereupon they  were r e t r ie v e d  and th e  con ten ts fix ed  

w ith  b u ffe red  form alin  ( f in a l  co n cen tra tio n  3%).

The co n ten ts  o f the v ia l s  were f i l t e r e d  onto C e lo ta teR 

(M illip o re  Corp.) f i l t e r s  (nominal pore s iz e  0 .5  ym) th a t  had been 

prew etted w ith  f i l t e r e d  seaw ater. A fter r in s in g  th e  v i a l  and f i l t e r , ,  

once each , w ith  5.0 m l. of f i l t e r e d  seaw ater, the  damp f i l t e r s  were 

placed in  s c in t i l l a t i o n  v ia l s  to  which 0 .2  ml of NCSR (Amersham/Searle) 

was added and allowed to  s tand  o v ern ig h t. Ten m i l l i l i t e r s  o f s c i n t i l 

la t io n  c o c k ta i l  (4 .0  g PPO and 50 mg P0P0P per l i t e r  to luene) was added 

to  each v i a l  a t l e a s t  two hours p r io r  to  counting in  a l iq u id  sc in 

t i l l a t i o n  counter (Beckman LS-150) w ith  a -^C counting e f f ic ie n c y  of 

90%. T o ta l carbon d io x id e  con ten t o f th e  w ater (C02-Hl2C0g+HCO“+CO3^’") 

was measured w ith a carbon analyzer (Beckman model 915). Rates of 

p ro d u c tiv ity  were computed fo llow ing S tric k la n d  and Parsons (1972).

C hlorophyll .a was used as a measure o f phytoplankton biomass 

and was measured by th e  f lu o rescen ce  technique of Yentsch and Menzel 

(1963). A liquots from each prim ary production  sample as w e ll as w ater 

samples from id e n t ic a l  depths taken every two hours fo r  the  rem ainder 

o f each s ta t io n  were analyzed . The w ate r (100 ml) was f i l t e r e d  through 

a Gelman type  A g la s s  f ib e r  f i l t e r  which was im m ediately fro zen . The 

pigment was e x trac te d  by homogenizing th e  f i l t e r  in  90% acetone and 

allow ing the  sample to  stand overn igh t in  the  dark . Pigment con ten t



was measured w ith  a Turner model 111 fluo rom eter.

The c o n tr ib u tio n  of th e  nannoplankton to  b o th  t o t a l  prim ary 

p roduction  and ch lo ro p h y ll fi was determ ined by g en tly  f i l t e r i n g  an 

a liq u o t of th e  o r ig in a l  w ater sample through a 15 ym (M itexR) n e t 

b e fo re  the  a p p ro p ria te  analyses were perform ed. The c o n tr ib u tio n  of 

th e  n e t p lank ton  ( i . e .  those  plankton  re ta in e d  by th e  15 ym n e t)  was 

determ ined by th e  d iffe re n c e  between th e  f i l t e r e d  and u n f i l te r e d  

sam ples. The advantages of the  p rescreen ing  method a re  d iscussed  by 

McCarthy e t  a l. (1974).
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RESULTS

Near s u rfa c e  tem p era tu res  and s u rfa c e  and bottom  s a l i n i t i e s  

were averaged fo r  th e  f i r s t  day o f  each s ta t io n  (Table 1 ) .  Lowest 

tem peratu res were encountered in  F ebruary , h ig h e s t in  J u ly  and A ugust.

The low est su rfa c e  s a l i n i t i e s  w ere observed in  A p r il ,  th e  h ig h e s t in  

November.

The mean d a l ly  e x t in c t io n  c o e f f ic ie n t  and th e  corresponding 

1% l i g h t  l e v e l ,  considered  to  be  th e  depth o f th e  eu p h o tic  zone, a r e  

shown f o r  each s ta t io n  (Table 1 ) .  The v a lu es  suggest a  seasonal tre n d  

w ith  g r e a te s t  l i g h t  p e n e tra tio n  in  th e  w in te r  and more tu rb id  w a te rs  

in  the  summer. The pyroheliom eter read o u ts  as w e ll as t o t a l  in c id e n t 

l i g h t  ( la n g le y s  day- -*-) fo r  the i n i t i a l  day o f each s ta t io n  a re  shown 

in  F ig u re  2. Except fo r  th e  August s ta t io n ,  m oderate to  f u l l  su n lig h t 

was encountered during  a l l  s t a t io n s .

A comparison o f su rfa ce -to -b o tto m  s a l i n i t y  d if fe re n c e s  

(v a lu es  o f A, Table 1) in d ic a te  th a t  during  th e  Ju ly  and August s ta t io n s ,  

th e  e n t i r e  w ater columns were w e ll mixed. During th e  A p r i l ,  May, June 

and October s ta t io n s  th e  w ater columns were s t r a t i f i e d .  The tre n d  of 

su rfa ce -to -b o tto m  s a l i n i t y  d if fe re n c e s  du ring  th e  February and November 

s ta t io n s  ( in c re a s in g  and d e c re a s in g , re sp e c tiv e ly )  and th e  r e l a t iv e  

s ta g e  of th e  sp rin g -n eap  t i d a l  cy c le  during  each s ta t i o n ,  in d ic a te  th a t  

th e  February w a te r column was t r a n s i t io n a l  from a mixed to  a s t r a t i f i e d  

co n d itio n  w h ile  th e  November w a te r column was t r a n s i t i o n a l  from a 

s t r a t i f i e d  to  a mixed c o n d itio n .
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An a l te rn a t iv e  measure of th e  ex ten t of v e r t i c a l  mixing is  

th e  depth o f  th e  su rface  mixed la y e r , c a lc u la te d  as th e  depth in te rv a l  

w ith  the  g r e a te s t  change in  s a l in i ty  w ith  re sp e c t to  th e  to t a l  su rfa c e -  

to-bottom  d if fe re n c e  (T able 1 ). During th e  periods o f in te n se  v e r t i c a l  

mixing (Ju ly  and August) , th e  depth o f th e  mixed la y e r  i s  equal to  th e  

t o t a l  w ater dep th . The most shallow mixed depth was observed in  June. 

During th e  A p r il  s ta t io n ,  an in s u f f ic ie n t  number of s a l i n i t i e s  from 

in te rm ed ia te  d ep ths, p rec lu d es  d e te rm in a tio n  of th e  mixed la y e r  depth . 

The r a t io  mixed la y e r  d ep th :eu p h o tic  zone depth was c a lc u la te d  fo r  each 

s ta t io n  (Table 1 ). H ighest values (c a . 5-6) were observed in  Ju ly  and 

August and th e  low est v a lu e s  (ca. 1 .5 ) were observed in  May and June.

D issolved oxygen co n cen tra tio n s  in  th e  eu pho tic  zone ex h ib ited  

a p e r s is te n t  d ie l  v a r ia t io n  w ith maximum values norm ally observed in  

th e  l a te  a fte rn o o n  and m inimal values observed p r io r  to  su n ris e . The 

maximum and minimum d a ily  le v e ls  were determ ined by averaging th e  0 .5 ,

1 .0  and 2 .0  m eter va lues fo r  th ree  co nsecu tive  sam pling periods (Table 

1) • D iffe ren ces  between th e  d a ily  extrem es g en e ra lly  increased  w ith  

tem perature. The low v a lu e  fo r  August probably r e s u l te d  from th e  low 

le v e l o f in c id e n t r a d ia t io n  on th a t day . In  summer, th e  concen tra tion  

of d isso lved  oxygen in  th e  euphotic zone was higher during  p eriods of 

s t r a t i f i c a t i o n  than du ring  periods o f m ixing. The low values during  

th e  periods o f  mixing r e s u l te d  p r im a rily  from th e  mixing of oxygen 

dep leted  bottom  w ater w ith  su rface  w a te rs .

Most of the  observed c h lo ro p h y ll values w ere w ith in  th e  

5-25 yg 1“ ^ range th a t  i s  c h a r a c te r is t ic  of the  lower Chesapeake Bay 

(McCarthy and Taylor, 1974; P a tten  e t  a l . , 1963). In  th e  absence of
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any c o n s is te n t  v a r ia t io n  in  c h lo ro p h y ll w ith in  the  top fo u r m ete rs , 

th e  v a lu e s  were averaged  fo r each  sampling p e rio d  and p lo t te d  a g a in s t 

th e  tim e o f  day fo r  each s ta t io n  (F ig . 3 ). T o ta l ch lo ro p h y ll was 

h ig h e s t in  October and lowest in  November, and no d i s t i n c t  seasonal 

tren d  i s  ev id en t. However, a c o n s is te n t  d i e l  v a r ia t io n  in  c h lo ro p h y ll 

abundance i s  e v id e n t. C o ncen tra tions in creased  in  e a r ly  morning and 

norm ally  reached a  peak  in  m id -a fte rn o o n , t h i s  was follow ed by a f a i r l y  

rap id  d ecrease  w ith  minimal co n c e n tra tio n s  observed from m idnight to  

0300. The d ie l  v a r ia t io n s  were g e n e ra lly  more pronounced f o r  th e  

nannoplankton than f o r  the n e t p la n k to n . However, in  February th e  d i e l  

v a r ia t io n  was observed only f o r  th e  n e t p lan k to n ; the nannoplankton 

abundance remained r e l a t iv e ly  c o n s ta n t (F ig . 3 ) . In  May, th e re  was no 

ap p aren t d ie l  v a r i a t io n  in  e i th e r  s iz e  f r a c t io n  (F ig . 3 ) . The d ie l  

v a r ia t io n  fo r  the nannoplankton c h lo ro p h y ll i s  shown in  F igu re  4 . The 

mean b ih o u rly  v a lu e s  were expressed  as a p e rc e n t o f th e  minimum d a ily  

mean, th en  averaged f o r  a l l  s t a t i o n s  except F ebruary  and May, and 

p lo t te d  a g a in s t tim e o f day. The r e s u l t s  in d ic a te  th a t  th e  d a ily  

nannoplankton c h lo ro p h y ll in c re a se  tended to  double th e  d a i ly  minimal 

c o n c e n tra tio n . In  Ju n e , Ju ly  and August, th e  v a r ia t io n  in  ch lo ro p h y ll 

abundance was a lso  r e la te d  to  th e  s ta g e  o f th e  d a i ly  t i d a l  cy c le . 

However, th is  r e la t io n s h ip  was n o t c o n s is te n t  from month to  month and in  

each in s ta n c e  was overshadowed by th e  d ie l  cy c le .

The c o n tr ib u tio n  of th e  nannoplankton to  bo th  th e  t o t a l  

c h lo ro p h y ll and p rim ary  p roduction  was q u a n tif ie d  as a  p e rcen t o f 

the  t o t a l  fo r  both  param eters. In  th e  absence of any c o n s is te n t change 

in  s iz e  seg reg a tio n  w ith  dep th , th e  values fo r  each s ta t io n  were
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averaged f o r  the fo u r depths and p lo tte d  ag a in s t tim e of year (F ig . 5 ). 

Nannoplankton accounted fo r  more than h a l f  the to t a l  ch lo rophy ll 

during ev e ry  s ta t io n  except May, and fo r  more than h a lf  the prim ary 

p roduction  fo r  every s ta t io n  except February and May. There i s  an 

in d ic a tio n  of in c reasin g  nannoplankton in flu en ce  from th e  sp ring  through 

the summer, peaking in  e a r ly  f a l l  w ith  a minimum in  w in te r .

A ssim ila tio n  r a t io s  (yg C h r- -*- (yg Chi a ) - -*-) fo r  both  the 

to ta l  and nannoplankton were computed fo r  each in cu b a tio n . A ssim ila tion  

r a t io s  f o r  the  n e t p lank ton  could be computed w ith s u f f ic ie n t  accuracy 

only when th e re  was an approxim ately equal d is t r ib u t io n  of both  prim ary 

production  and ch lo ro p h y ll between th e  two s iz e  f r a c t io n s .  This 

occurred only  in  May. As can be in fe rre d  from the r e s u l t s  in  F ig . 5, 

the n e t p lank ton  dominated prim ary p roduction  in  F ebruary , thus th e  

to ta l  p lan k to n  a s s im ila tio n  r a t io s  may be considered a minimum measure 

of net p lank ton  a c t iv i ty .  For th e  rem aining s ta t io n s  th e  nannoplankton 

dominated bo th  prim ary production  and ch lo ro p h y ll and thus th e  t o t a l  

plankton a s s im ila tio n  r a t io s  may be considered r e p l ic a te s  of the 

nannoplankton v a lu e s .

When th e  t o t a l  o r nannoplankton a s s im ila tio n  r a t io s  f o r  a 

given s ta t i o n  a re  p lo tte d  a g a in s t th e i r  mean incu b a tio n  l ig h t  i n t e n s i t i e s ,  

the r e s u l t in g  d is t r ib u t io n  of p o in ts  resem bles a ty p ic a l  p h o to sy n th es is-  

l ig h t curve (D unstan, 1973; M cA llis te r e t  a l . , 1964). At low l ig h t  

lev e ls  th e re  was a  l in e a r  re la t io n s h ip  between a s s im ila tio n  r a t io s  and 

l ig h t  in te n s i ty .  As l ig h t  le v e ls  increased  f u r th e r ,  a s s im ila tio n  

ra t io s  le v e le d  o f f .  The a s s im ila tio n  r a t io - l i g h t  in te n s i ty  p lo ts  fo r  

the t o t a l  p lankton  fo r  each s ta t io n  and th e  net and nannoplankton fo r  

the F ebruary  s ta t io n  a re  shown in  F ig . 6.



With th e  apparent absence o f p h o to in h ib it io n  a t  h igh  l i g h t  

i n t e n s i t i e s  th e  d i s t r ib u t io n  of th e  observed d a ta  p o in ts  can be 

d esc rib ed  using  th e  equation  o f  Smith (1936) as m odified  by T a il in g  

(1957):

Pmax ( I / I j j )

P = (1 + ( I / I ^ 2) ^

w here P i s  th e  a s s im ila t io n  r a t io  a t  l i g h t  in te n s i ty  I ,  Pmax i s  th e  

l i g h t  sa tu ra te d  a s s im ila tio n  r a t i o  and Ifc i s  a photo s y n th e tic  param eter 

ex p ressin g  th e  l i g h t  in te n s i ty  a t  th e  o n se t of s a tu r a t io n  (T a i l in g ,

1957) . A v a lu e  o f  Ifc was c a lc u la te d  f o r  each curve as the l i g h t  

in te n s i ty  a t th e  in te r s e c t io n  o f two l i n e s  re p re se n tin g  Pmax and th e  

i n i t i a l  slope o f  th e  curve (a) (D unstan, 1973). V alues of Pmax were 

c a lc u la te d  f o r  each  curve by  averaging th e  l ig h t  s a tu ra te d  a s s im ila t io n  

r a t i o s ,  and a  was c a lc u la te d  as th e  i n i t i a l  s lo p e  o f the curve r e s t r i c t e d  

to  passing  th rough  th e  o r ig in .  Values of Pmax, a  and 1^ fo r  th e  t o t a l  

phytoplankton and nannoplankton fo r  each s ta t io n  a re  shown in  Table 2.

The curves c a lc u la te d  from th e se  v a lu e s  fo r  th e  t o t a l  p lank ton  a re  

shown in  F igure 6. The goodness of f i t  between th e  experim ental p o in ts  

and th e  gen era ted  curves was s im ila r  fo r  th e  nannoplankton.

In  A ugust, a com bination o f low in c id e n t r a d ia t io n  and high 

tu r b id i ty  r e s u l te d  in  <in l ig h t  le v e ls  in s u f f ic ie n t  to  produce

s a tu ra t io n  fo r  e i t h e r  the t o t a l  o r nannoplankton in c u b a tio n s . Con

seq u en tly , v a lu e s  of Pmax w ere taken  to  be the mean of th e  a s s im ila t io n  

r a t i o s  c a lc u la te d  from subsamples of th e  11:00, 13:00 and 15:00 w ate r 

sam ples fo r a l l  fo u r  depths which w ere incubated  under a r t i f i c i a l  l ig h t  

o f  s a tu ra tin g  in te n s i ty  (W arinner and Zubkoff, 1973). S a tu ra tio n  was 

n o t obtained f o r  e i th e r  th e  t o t a l  o r nannoplankton samples in  June,
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d esp ite  h ig h  In i i t a  l i g h t  le v e ls .  In  th is  ca se , v a lu es  of Pmax fo r 

each s i z e  f ra c t io n  were ca lcu la ted  to  minimize th e  d ev ia tio n s  between 

the observed  p o in ts  and the c a lc u la te d  curve. The c a lc u la te d  values 

of Pmax w ere s l ig h t ly  h igher and s l ig h t ly  low er th an  the  maximum 

observed a s s im ila tio n  r a t io s  fo r  th e  to t a l  and nannoplankton respec

t iv e ly  (F ig . 6). In  February, l i g h t  s a tu ra tio n  was not achieved fo r  

the t o t a l  plankton d e s p ite  the  f a c t  th a t  the  nannoplankton were sa tu ra te d  

a t low l i g h t  le v e ls  (F ig . 6). Pmax was determ ined fo r  th e  t o t a l  s iz e  

f r a c t io n  as in  June.

D espite th e  general conform ity  of th e  observed a s s im ila tio n  

r a t io s  to  the  Smith equation c u rv e s , i t  was ap p aren t th a t  on c e r ta in  

dates th e  values w ere c o n s is te n tly  h igher in  th e  afte rn o o n  th an  in  the 

morning d e sp ite  comparable l i g h t  i n t e n s i t i e s .  These d e v ia tio n s  were 

q u a n tif ie d  as th e  d iffe re n c e  betw een the observed a s s im ila tio n  r a t io  

and th e  v a lu e  p re d ic te d  by th e  Sm ith equation f o r  th a t  l ig h t  le v e l ,  

expressed as a percen tage  of th e  p red ic ted  v a lu e . When th e  p ercen t 

d e v ia tio n  fo r  each sample was p lo t te d  a g a in s t th e  midtime of lb s  

in c u b a tio n , apparent d ie l  p a t te rn s  were observed a t  each dep th . The 

r e s u l t s  f o r  the upper th ree  d ep ths fo r  the  t o t a l  p lankton fo r  each 

s ta t io n  a re  shown in  F igure 7.

In  every case , except February, th e re  was good agreement 

between th e  to ta l  and nannoplankton d ie l  p a t te rn s  a t  re sp e c tiv e  depths, 

ano ther in d ic a tio n  th a t  these  v a lu e s  r e f le c t  d i e l  p a t te rn s  r a th e r  

than random v a r ia t io n s .  In many in stan ces  (May, August and November 

are  th e  exceptions) the  d ie l  p a t te r n s  are s im ila r  a t  a l l  th re e  depths.

The a b e r ra n t  2.0 m eter p a tte rn  observed In August r e f l e c t s  th e  r e la t iv e ly
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low a s s im ila tio n  r a t io s  a t  th i s  depth (a  r e s u l t  o f low In s i t u  l ig h t  

le v e ls )  which tend to  exaggerate the  magnitude of th e  d e v ia tio n s . For 

th is  reaso n , the 4 .0  m eter v a lu es  were n o t included f o r  any o f the 

s ta t io n s .  The p a t te rn s  fo r  February , A p r i l ,  October and November 

in d ic a te  h ig h est r e l a t iv e  a s s im ia ltlo n  r a t i o s  in  th e  a fte rn o o n . The 

p a tte rn s  fo r  June an d 'Ju ly  In d ic a te  r e l a t iv e ly  high r a t io s  in  the 

morning and afternoon  w ith  a period  of low values near midday. In  May, 

a d i f f e r e n t  p a tte rn  was observed a t  each depth . No apparen t d ie l  

p a t te rn  was observed in  August.

As a r e s u l t  of maximum a s s im ila tio n  r a t io s  and maximum 

ch lo ro p h y ll co n cen tra tio n s  bo th  occurring  in  the  a fte rn o o n , r a te s  of 

prim ary production  were, u su a lly  much h ig h e r  during th i s  p a r t  o f the 

day than  in  th e  morning. The g re a te s t  d if fe re n c e  was observed in 

A p ril, when a fte rnoon  production  ra te s  were th ree  tim es g re a te r  than 

midmoming r a t e s ,  d e s p ite  comparable l i g h t  in t e n s i t i e s .

Eppley (1972) suggests  th a t tem perature p laces  an upper l ig h t  

on th e  magnitude of th e  a s s im ila tio n  r a t i o ,  and s e v e ra l in v e s tig a to rs  

working in  e s tu a r in e  areas have observed c o r re la t io n s  between l ig h t 

s a tu ra te d  a s s im ila tio n  r a t io s  and tem perature (Barlow, e t a l . , 1963; 

M andelli, e t  a l . , 1970; W illiam s and Murdoch, 1966). Consequently, 

the Pmax values f o r  both  th e  t o t a l  and nannoplankton were p lo tte d  

a g a in s t th e i r  in cu b a tio n  tem perature (F ig . 8 ). For com parison, the 

re g re s s io n  c a lc u la te d  by W illiam s and Murdoch (1966) fo r  th e  Beaufort 

area e s tu a ry  i s  a lso  included . The York R iver v a lu e s  a re  g en era lly  

lower a t  any given tem perature than th o se  p red ic ted  by the W illiams 

and Murdoch l in e .  In  February , to ta l  p lankton  a s s im ila tio n  r a t io s



a re  considerab ly  h ig h er than would be  p re d ic te d  on th e  b a s is  of 

tem perature a lone , w h ile  th e  a s s im ila tio n  r a t io s  f o r  May, Ju ly  and 

August appear lower than  would be expected on the b a s is  of tem peratu re .
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DISCUSSION

The r e s u l t s  of th i s  study in d ic a te  t h a t  the nannoplankton 

c o n tr ib u te  s ig n if ic a n t ly  to  the  prim ary production  of the lo w er York 

R iv e r, and a re  in  s u b s ta n t ia l  agreement w ith re c e n tly  pub lished  s tu d ies  

concerning nannoplankton in  th e  Chesapeake Bay (McCarthy e t  a l . , 1974; 

VanValkenburg and Flem er, 1974) i . e . ,  Nannoplankton normally accounts 

fo r  75-95% of b o th  t o t a l  prim ary production  and t o t a l  ch lo ro p h y ll.

No pronounced seasonal tre n d s  were observed In  th e se  v a lu es , although 

ab ru p t and s u b s ta n t ia l  d ev ia tio n s  do occur.

On th e  b a s is  o f th e i r  h ig h e r growth r a t e s  (Findenegg, 1965; 

W illiam s, 1964; Eppley and Sloan, 1966) one would expect th e  nannoplankton 

a s s im ila tio n  r a t io s  to  exceed th o se  o f the  n e t plankton, and in stan ces  

o f th i s  occu rring  have been observed in  both  m arine (Malone, 1971a and b) 

and fresh w ate r environments (Findenegg, 1965; G e lin , 1975; K a l f f ,  1972). 

Thus, the  r e s u l t s  o f  th e  February s ta t io n  are o f  p a r t ic u la r  in te r e s t  

b o th  from th e  p o in t of view th a t  ne tp lank ton  a ss im ila tio n  r a t i o s  so 

g re a t ly  exceed those  of th e  nannoplankton and th a t  ne tp lank ton  assim i

l a t io n  r a t io s  should be so h igh consid e rin g  th e  low tem perature.

Values o f Pmax f o r  th e  t o t a l  p lan k to n , s im ila r to  th e  February 

v a lu e s  found in  t h i s  s tu d y , have been  observed in  th e  New York b ight 

in  January (T. C. Malone, p e rs . com .). These observations su g g est th a t 

th e  biochem ical l im i ta t io n  by low tem perature i s  being circum vented 

e i th e r  by th e  process of p h y s io lo g ic a l a d ap ta tio n  or by th e  tem poral
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su ccess io n  of a "co ld  adapted" sp e c ie s . Y entsch (1974) c i t e s  evidence 

w hich  suggests  th a t  tem peratu re  a d a p ta tio n  by n a tu ra l  phytoplankton 

p o p u la tio n s  i s  more l i k e ly  to  occur by th e  second of th e se  two p ro cesse s , 

i .  e . th a t  tem peratu re  a c ts  as a s e le c t iv e  p re s su re . An in d ic a t io n  th a t  

s e le c t io n  fo r  a cold  w ate r form i s  tak in g  p lac e  i s  found in . th e  r e s u l t s  

o f p rev ious s tu d ie s  of th e  seasonal abundance of diatoms and d ln o f la g e l-  

l a t e s  in  the  low er York R iver (Manzi, 1973; M ackiem an, 1968; S to fan , 

1973). These s tu d ie s  a l l  noted  a d i s t i n c t  w in te r  f lo r a  dominated by 

s p e c ie s  indigenous to  h ig h e r  l a t i tu d e s .  D esp ite  th e i r  h igh  a s s im ila tio n  

r a t i o s  r e l a t iv e  to  the  nannoplankton, th e  n e t  p lankton  in  February 

s t i l l  account fo r  only 30% of th e  c h lo ro p h y ll, suggesting  th a t  p re 

f e r e n t i a l  g raz in g  i s  l im it in g  th e i r  biom ass. The d ie l  v a r ia t io n  in  the 

n e t  p lank ton  c h lo ro p h y ll, compared to  th e  nannoplankton fo r  t h i s  s ta t io n  

a l s o  in d ic a te s  th a t  th e  n e t p lank ton  a re  th e  more dynamic s iz e  f ra c t io n  

(F ig .  3 ) .

C onsidering th e  damped seaso n a l v a r ia t io n  in  c h lo ro p h y ll 

abundances th a t  i s  c h a r a c te r is t ic  of th e  m id -to -low er Chesapeake Bay 

(F lem er, 1970; McCarthy and T ay lo r, 1974; P a tte n  e t  a l . , 1963), th e  

p e r s i s te n t  d i e l  v a r ia t io n  in  ch lo ro p h y ll i s  of a l l  th e  more in t e r e s t .

D ie l  v a r ia t io n s  in  c h lo ro p h y ll a re  f re q u e n tly  observed in  aq u a tic  

system s (Glooschenko e t  a l . , 1972; Lorenzen, 1963; Yentsch and R yther, 

1957) and may r e s u l t  from a com bination of a  v a r ie ty  of f a c to r s  in c lu d in g  

c e l l  d iv is io n  (Jo rg en sen , 1966), ch lo ro p h y ll b leach ing  (Glooschenko 

e t  a l . , 1972), g razing  by zooplankton (M c A llis te r , 1963; Wood and 

C orcoran , 1966) and changes in  c e l lu la r  c h lo ro p h y ll (Y entsch and 

S cag e l, 1958). The p ro p e n s ity  of the  nannoplankton to  approxim ately  

double th e i r  minimum d a i ly  ch lo ro p h y ll co n cen tra tio n  (F ig . 4) suggests
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th a t the  in c re a se  may r e s u l t  from a phased d iv is io n  of c e l l s  w ith  a 

doubling tim e of 24 hours. G eneration tim es of 24 hours a re  common in  

m icroalgae (B ruce, 1965) and phytoplankton a re  e a s ily  synchronized fo r  

p e r io d ic ity  of c e l l  d iv is io n  (H asting  and Sweeney, 1964). Synchronous 

mid-morning d iv is io n  by nannoplankton has been observed bo th  in  c u ltu re  

(Eppley e t  a l . , 1967) and in  a n a tu ra l  phytoplankton assemblage 

(S ourn ia , 1968).

The occurrence o f  d ecreasin g  ch lo ro p h y ll co n cen tra tio n s  a f t e r  

ra th e r  than during  maximum d a ily  l ig h t  le v e ls  suggests  th a t  b leaching  

i s  not th e  cause o f th e  d ecrease . The occurrence of th e  decrease during 

or soon a f t e r  the  maximum p h o to sy n th e tic  r a te s  in d ic a te s  th a t  in s u f f i 

ciency of s u b s tra te  o r p re su rsu rs  fo r  ch lo ro p h y ll sy n th e s is  i s  not th e  

cause of th e  d ecrease . Both of th ese  f a c to rs  have been im p lica ted  in  

d ie l  v a r ia t io n s  o f ch lo ro p h y ll in  c o a s ta l w aters  (Glooschenko e t  a l . ,

1972). The most l ik e ly  cause o f  th e  ch lo ro p h y ll decrease  observed in  

th is  study i s  zooplankton g raz in g . D iel p e r io d ic i t ie s  in  both  zooplankton 

abundance and feed ing  a re  w e ll known (Sameoto, 1975; M cA llis te r, 1961; 

R yther, Menzel and V accarro, 1961), and in  a  24 hour study a t  th i s  

s ta t io n  in  August 1973, n e t zooplankton were observed to  reach  peak 

co n cen tra tio n s  in  th e  upper 10 m eters a t  dusk (G. C. G ran t, personal 

communication).

In  a previous study of th e  lower York R iver, P a tte n  (1963) 

concluded th a t  the  summer phytoplankton community a c t iv e ly  e s ta b lish e d  

and m aintained a d e f in i te  v e r t i c a l  d is t r ib u t io n  w ith  re sp e c t to  photo

sy n th e tic  cap ac ity . However, th e  ob serv atio n  th a t  a s s im ila tio n  r a t io s  

measured a t  four d i f f e r e n t  depths in  the euphotic zone conformed to  a 

s in g le  curve when p lo tte d  a g a in s t l ig h t  in te n s i ty  in d ic a te s  th a t  the
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phytoplankton In  th e  euphotic  zone a re  homogeneously d is t r ib u te d  w ith
f

depth w ith  re sp ec t to  t h e i r  p h o to sy n th e tic  c a p a b i l i t i e s .  This i s  

probably a r e s u l t  of tu rb u le n t mixing w ith in  the upper mixed la y e r  

which exposes a l l  phytoplankton to  th e  same average environm ental 

co n d itio n s , e .g . l i g h t ,  n u tr ie n ts ,  tem pera tu re .

In  a study in  Oregon c o a s ta l  w a te rs , in  s i t u  a s s im ila tio n  

r a t io s  a t  sub optim al ( le s s  than s a tu ra t in g )  l ig h t  in te n s i t i e s  were 

observed to  vary w ith  depth and tim e of day (Curl and Small, 1965).

S ince th e  a s s im ila tio n  r a t io s  were p lo t te d  a g a in s t p ercen t in c id e n t 

l ig h t  r a th e r  than a b so lu te  in cu b a tio n  l ig h t  leve l, i t  i s  not p o s s ib le  to  

determ ine i f  the v a lu e s  fo r  a given day would conform to  a smooth 

curve. However, th e  f a c t  th a t maximum a s s im ila tio n  r a t io s  p lo t te d  

a g a in s t tim e of day d escribed  a sym m etrical curve w ith  maximum r a te s  

a t  noon, suggests th a t  they would (Sm all e t  a l . , 1972).

The a s s im ila tio n  r a t i o - l i g h t  in te n s i ty  curves observed in  th is  

study a re  s im ila r  to  th o se  observed by M cA llister e t  a l .  (1964) fo r  

sev e ra l cu ltu red  m arine a lg ae , i . e .  s a tu ra tio n  u s u a lly  occurred a t  

0 .1  ly  min ^ and no p h o to in h ib itio n  was observed a t  l ig h t  le v e ls  as 

h igh as 0 .4  ly  min” ^. These r e s u l t s  do no t agree w ith  those ob ta ined  

by R yther (1956) fo r  a  v a r ie ty  o f a lg a l  sp ec ies . He observed photo

in h ib i t io n  a t  l ig h t  le v e ls  only s l i g h t l y  in  excess o f  th a t  needed to  

s a tu ra te  p h o to sy n th es is . P h o to in h ib itio n  has a lso  been  observed in  

near s u rfa c e  in  s i t u  incubations o f n a tu r a l  phytoplankton (C url and 

Sm all, 1965; Findenegg, 1965; Rodhe, Vollenw eider and Nauwerck,, 1958) 

and in cu b a tio n  c lo se r  to  the su rfa c e  in  th is  study may have produced 

s im ila r  r e s u l t s  (0 .5  m eter in cu b a tio n s  u su a lly  rece iv ed  40-50% in c id e n t 

l ig h t  in te n s i ty ) .  However, the occu rrence  of p h o to in h ib itio n  in  moored
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su rfa ce  incubations may not r e f le c t  th e  n a tu r a l  s i tu a t io n .  In  a 

tu rb u le n tly  mixed environment l ik e  the York R iver, i t  i s  u n lik e ly  

th a t  any c e l l  would remain a t  any given dep th  fo r a perio d  of tim e 

eq u iv a len t to  an in cu b a tio n , e .g .  2-24 h o u rs . The absence o f photo- 

in h ib i t io n  in  t h i s  study may r e f le c t  a g e n e ra lly  l i g h t  adapted n a tu re  

of the  phytoplankton (Ryther and Menzel, 1959), which suggests th a t  

c e l l s  exposed to  a  c o n s ta n tly  varying l i g h t  in te n s i ty ,  in  th i s  case 

due to  mixing, ad ap t to  the h ig h er r a th e r  than lower l ig h t  in t e n s i t i e s  

encountered.

D iel v a r ia t io n  in  p h o to sy n th e tic  r a te s  i s  commonly observed 

in  a q u a tic  systems (S ourn ia , 1974). Most re p o rts  in d ic a te  th a t  morning 

r a te s  tend to be h ig h e r  than  those in  th e  afternoon  and a t t r ib u te  th is  

e f f e c t  to  n u tr ie n t  d e p le tio n  in  the a f te rn o o n  (Malone, 1971a), or 

incom plete recovery  from noontime p h o to in h ib itio n  (H a rr is  and L o tt ,

1973). Higher a fte rn o o n  r a te s  have p rev io u s ly  been observed in  e s tu a r ie s  

(Quasim e t  a l . , 1969; S ourn ia , 1968) and oceanic system s (Malone, 1971a). 

The r e la t iv e ly  h ig h e r  a fte rnoon  ra te s  observed in  t h i s  study may be 

r e la te d  to  the suggested  c y c le  of phytoplankton d iv is io n . Thus, morning 

m etabolic  p rocesses may be geared more toward c e l l  d iv is io n  than carbon 

f ix a t io n ,  or a h ig h e r  p ro p o rtio n  of p h y s io lo g ic a lly  "younger" c e l l s  in  

th e  afternoon  may c o n tr ib u te  to  the h ig h e r  r a te s .

The r e l a t iv e ly  depressed noontim e a s s im ila tio n  r a t io s  observed 

in  June and Ju ly  appear n o t to  be the r e s u l t  of p h o to in h ib itio n  (H arris  

and L o tt ,  1973; H a r r is ,  1973) d esp ite  t h e i r  occurrence a t  o r near maximum 

d a ily  l ig h t  le v e ls .  This conclusion i s  based  on th e  o b se rv a tio n  th a t  th e  

noon depression  in  June occurred  even though s a tu ra t in g  l ig h t  in te n s i t i e s  

were no t a tta in e d  a t  any of th e  in cu b a tio n  depths (F ig . 6 ). This suggests
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th a t  th e se  d ep ressions a re  endogenous r a th e r  th an  exogenous and thus 

s im ila r  to  th e  "noon tim e nap" phenomenon o f te n  observed in  t e r r e s t r i a l  

p la n ts  (Rabinow itch, 1951; T a ilin g , 1961).

Comparison of th e  d ie l  a s s im ila t io n  cy c les  in  F ig . 7 suggests 

a  seasonal cycle  in  t h e i r  p a tte rn . During s h o r t  days (February and 

November) th e  d ie l  v a r ia t io n  r e s u l t s  in  a s in g le  peak a t  o r soon a f t e r  

midday. On days of in te rm ed ia te  le n g th  (A pril and October) th e  s in g le  

peak i s  s h if te d  to a l a t e r  hour, w ith  an in d ic a tio n  of both  a secondary 

morning peak and a noon decrease. During the lo n g es t days (June and 

Ju ly ) n e a r ly  equal mid-morning and m id -afternoon  peaks a re  observed, 

separated  by a period  of r e la t iv e ly  low v a lu es .

The results shown in Figure 7 suggest that the relationship 

between Pmax and temperature is not as well developed in this estuary 

as in the Beaufort area estuarine system (Williams and Murdoch, 1966).

Of p a r t ic u la r  in te r e s t  a re  the Pmax v a lu es  fo r  Ju ly  and A ugust, which 

a re  low even when compared to  th e  June values a t  a s im ila r  tem perature. 

These low v a lu es  most l i k e ly  r e f l e c t  a  mixed la y e r  depth 5 to  6 tim es 

deeper th an  th e  euphotic zone. C onsequently, th e  phytoplankton are 

sub jec ted  to  a r e l a t iv e ly  low mean d a i ly  i r ra d ie n c e  and become shade 

adapted r e s u l t in g  in  a  lower le v e l o f l ig h t  s a tu ra t io n  (1^)• A com

parison  o f  a  and Pmax values fo r Ju n e , Ju ly  and August (Table 2) in d ic a te  

th a t  th e  decreased  le v e l  of 1^ observed during  th e  l a t t e r  two s ta t io n s  

was p r im a rily  a r e s u l t  o f a decrease  in  Pmax, s in ce  th e  magnitude of a  

i s  e s s e n t ia l ly  id e n t ic a l  fo r a l l  th re e  s ta t io n s .  This i s  in  agreement 

w ith  p rev ious work which in d ic a te s  th a t  shade ad ap ta tio n  i s  accomplished 

through an a l te r a t io n  of the dark  re a c tio n  r a th e r  than th e  l ig h t  

re a c tio n  o f pho tosyn thesis  (Steemann-Nielsen and Hansen, 1959; Y entsch,
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1974). H arris  and L o tt (1973) observed shade a d ap ta tio n  in  n a tu ra l  

photoplankton po p u la tio n s  a f t e r  only a  few hours in  low l i g h t .  There

fo re  i t  i s  not unreasonable to  expect shade a d ap ta tio n  in  the  r e l a t iv e ly  

sh o rt tim e span during  which deep v e r t i c a l  mixing o ccu rs.

The e f f e c t  of sun and shade ad ap ta tio n  on the  magnitude of Pmax 

i s  w e ll e s ta b lish e d  (H arris  and L o tt ,  1973; Ryther and Menzel, 1959; 

Stemann-Nielsen and Hansen, 1959; Yentsch and Lee, 1966) and th e  r e s u l t s  

of t h i s  study in d ic a te  th a t  th e  degree o f l ig h t  ad ap ta tio n  can a l t e r  

Pmax v a lu es  by a  f a c to r  o r two, which i s  s ig n if ic a n t  considering  the  

sm all range of Pmax values g e n e ra lly  encountered in  n a tu re  (Eppley,

1972). Considering th e  re la t io n s h ip  between the m agnitude of Pmax and 

the  depth  of th e  su rface  mixed la y e r ,  a h ig h er degree of sun ad ap ta tio n  

and hence Pmax v a lu e s , could presumably be  achieved by a fu r th e r  

red u c tio n  (w ith in  l im its )  o f  th e  mixed la y e r  dep th . In  th i s  reg a rd , th e  

g e n e ra lly  h ig h er Pmax values observed in  th e  very shallow  (mean depth

1.0 m eter) B eaufort area e s tu a r ie s  (W illiam s and Murdoch, 1966) may be 

th e  r e s u l t  of a  g re a te r  degree of sun ad ap ta tio n . I t  i s  perhaps s ig n i f 

ic a n t  th a t  the Pmax valu es  observed during  the  A p r i l ,  June, October and 

Nov b e r  a re  from w ater columns w ith  r e la t iv e ly  sha llow  su rfac e  mixed 

la y e rs  r e la t iv e  to  the  depth of th e  eupho tic  zone, and th a t  a l in e  drawn 

through th ese  p o in ts  appears to  p a r a l l e l  th e  va lu es  of W illiam s and 

Murdoch. There does not appear to  be any h y d ro g rap h ica lly  r e la te d  

reason  fo r  the low Pmax v a lu es  observed in  May.

During th e  summer of 1974, h ig h ly  s t r a t i f i e d  co n d itio n s  

occurred  on a biw eekly c y c le , in  con junction  w ith  th e  biw eekly neap 

t id e s .  A study o f d isso lv ed  oxygen in  th e  lower York R iver during 

th is  period  (Jo rd an , 1974) rev ea led  th a t  le v e ls  o f  d isso lv ed  oxygen
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f a r  in  e x c e ss  of s a tu r a t io n  were norm ally  observed during  th e se  p e rio d s  

o f s t r a t i f i c a t i o n .  The le v e l  o f d isso lv e d  oxygen s a tu r a t io n  can be used 

as a r e l a t i v e  measure o f  th e  r a t e  o f  prim ary p ro d u c tio n  (Welch, 1969;

G elin , 1975). I t  ap p ears  th e re fo re  th a t  th e  m aintenance o f h igh pro

d u c t iv i ty  in  th is  deep e s tu a ry  i s  dependent on a  continued  s t a t e  of 

s t r a t i f i c a t i o n .  Thus, hydrographic  f a c to rs  may be  having a co n s id e rab le  

impact on plankton p ro d u c tio n .

The depth o f th e  su rfa c e  mixed la y e r  has long been  recognized  

as a s ig n i f ic a n t  f a c to r  in  re g u la tin g  prim ary p roduction  in  c o a s ta l  and 

oceanic environments (G ran and B raaru d , 1935; R ile y , 1952; Sverdrup, 1953). 

H ow ever, th e se  same p r in c ip le s  a re  r a r e ly  ap p lie d  to  e s tu a r in e  p lank ton  

p roduction  because of th e  shallow , w e ll  mixed n a tu re  of most e s tu a r ie s  

(Smayda, 1957). A c lo s e  c o r re la t io n  between p lan k to n  p ro d u c tio n  and 

v e r t i c a l  s t a b i l i t y  has  been observed in  a B r i t i s h  Columbia f jo rd  

(G ilm artin , 1964), and th e  onset o f  a y e a r ly  phytop lankton  bloom in  th e  

Duwamish e s tu a ry  is  a p p a re n tly  t r ig g e re d  by th e  occurrence of maximum 

w ater column s t a b i l i t y  (Welch, 1969; Welch e t  a l . , 1972). In  the  York 

R iver, p e r io d s  o f w a te r  column s t a b i l i t y  i . e .  a  shallow  s u rfa c e  mixed 

la y e r , a r e  c h a ra c te r iz e d  by high a s s im ila t io n  r a t i o s  compared to  p e rio d s  

o f m ixing , and not by in c reased  le v e ls  o f c h lo ro p h y ll. This may 

in d ic a te  t h a t  grazing i s  l im itin g  th e  accum ulation of biom ass.

I t  has a lso  been  re p o rte d  th a t  th e  m agnitude of th e  a s s im ila tio n  

r a t io  i s  e ffe c te d  by n u t r i e n t  a v a i l a b i l i t y  (C url and Sm all, 1965; Malone, 

1971a; Thomas, 1970; M c A llis te r  e t  a l . , 1964), be in g  lower under con

d itio n s  o f  n u tr ie n t  d e f ic ie n c y  and h ig h e r  under c o n d itio n s  o f n u t r ie n t  

s u f f ic ie n c y . However, tem perate  e s tu a r ie s  a re  g e n e ra lly  considered  to  

be n u t r ie n t  r ic h  (Pomeroy 1970; 1975) and Eppley (1972) su g g ests  th a t
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th e  absence o f n u tr ie n t  l im ita tio n  i s  th e  p r in c ip a l  reason  fo r  the h igh  

c o r re la t io n s  observed between tem peratu re  and a s s im ila tio n  r a tio s  in 

th e se  environments. P revious s tu d ie s  of n u t r ie n t  (n itro g en ) lim ita tio n  

in  the  Chesapeake Bay concluded th a t  In stan ces  o f n itro g en  l im ita tio n  

a re  r a re  and th a t  ra p id ly  recycled  forms of n itro g e n  (e .g*  u rea  and 

ammonia) a re  p r e f e r e n t ia l ly  u t i l i z e d  by the phytoplankton (Taylor, 1972; 

McCarthy and T ay lo r, 1974).

During th e  J u ly ,  A ugust, October and November s ta t io n s ,  con

c e n tra tio n s  of ammonia and urea w ere measured p e r io d ic a l ly  and ra te s  o f  

in  s i t u  u rea  u t i l i z a t i o n  were m easured in  conjunction  w ith  th e  primary 

p roduction  samples. The r e s u l t s  (Webb and H aas, 1975) d u rin g  the Ju ly  

s ta t io n  in d ic a te  th a t  measured r a t e s  of u rea u t i l i z a t io n  w ere s u f f ic ie n t  

to  supply a l l  of th e  n itro g en  needs o f the phytoplankton . On a l l  four 

occasio n s, ammonia co n cen tra tio n s  w ere observed to  undergo s im ila r d i e l  

v a r ia t io n s .  Peak co n cen tra tio n s w ere observed in  early  m orning. They 

decreased ra p id ly  a f t e r  su n r is e , remained low throughout th e  day and 

Increased  again  a t  n ig h t .  The m ost pronounced d ie l  v a r ia t io n  occurred 

in  October w ith  daytim e mlnimums o f  le s s  than  l .O y g a tN l" ^  and n ight 

maximums o f about 4 .0  y g -a t N 1"1.

This d ie l  v a r ia t io n  in  ammonia concen tra tion  su g g ests  a 

p e r io d ic ity  in  N a s s im ila tio n  r a te s  w ith  h ig h e s t ra te s  in  th e  early  

morning. This may r e f l e c t  a l i g h t  dependent response to  maximal e a r ly  

morning s u b s tra te  co n cen tra tio n s  o r  a tem poral p e r io d ic ity  in  ammonia 

a s s im ila to ry  cap ac ity . S im ilar p e r io d ic i t i e s  have been observed bo th  

in  c u ltu re  (Eppley e t  a l . ,  1971) and in  n a tu ra l  plankton populations 

(Goering e t  a l . , 1964). Whatever th e  mechanism, maximum r a te s  of ammonia 

a s s im ila tio n  appear to  be out o f phase w ith  maximum carbon a s s im ila tio n
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r a t e s ,  th e  l a t t e r  occu rrin g  In  th e  a fte rn o o n . S im ila r temporal r e l a t io n 

sh ips between carbon and n u tr ie n t  a s s im ila tio n  have been dem onstrated 

fo r  phosphate in  Lake George (S tro s s  e t  a l . ,  1973) and fo r  ammonia in  

th e  Sargasso Sea (Goerlng e t  a l . , 1964).

The e x te n t to  which th e  d i e l  v a r ia t io n  observed fo r  carbon 

a s s im ila tio n  i s  a  phased (endogenous) o s c i l l a t io n  e n tra in ed  to  a l i g h t  

dark cycle  o r a fo rced  (exogenous) o s c i l l a t io n  dependent upon ammonia 

a v a i la b i l i ty  in  th e  morning i s  n o t known b u t presumably amenable to  

te s t in g  w ith  th e  conceptual model of S tro ss  e t  a l .  (1973). A tem poral 

p e r io d ic ity  in  n u tr ie n t  a s s im ila to ry  c a p a c ity , w ith  uptake o ccu rrin g  

in  the  e a r ly  morning may ex p la in  th e  In c o n s is te n t repsonse ob tained  

from n u tr ie n t  enrichm ent experim ents in  th e  Chesapeake Bay in  which 

enrichm ents were made near midday (T ay lo r, 1972).

The apparen t a b i l i t y  of phytoplankton to  markedly reduce 

ammonia le v e ls ,  a t  tim es to  co n cen tra tio n s  le s s  than  1 .0  y g -a t N l - "̂, 

in d ic a te  th a t  ammonia a v a i l a b i l i ty  i s  a day to day p ro p o sitio n  and 

dependent on a d a i ly  rep len ishm ent. This replenishm ent i s  most l i k e ly  

the r e s u l t  o f zooplankton an d /o r m lcrozooplankton (protozoan) e x c re tio n  

(Beers and S tew art, 1969; Johannes, 1968; M artin , 1965). The tim ing  of 

the observed in c re a se  in  ammonia co in c id es w ith  th e  proposed p e rio d  

of maximum g raz in g . Thus, a c lo se ly  lin k ed  r e la t io n s h ip  may e x is t  

between zooplankton g raz in g , n itro g en  ex cre tio n  and n u tr ie n t  a v a i l a b i l i ty  

to th e  phytoplankton . High r a te s  o f n u t r ie n t  reg en e ra tio n  w ith in  th e  

su rface  mixed la y e r  would seem to  be  necessary  to  m ain ta in  high r a t e s  

of p ro d u c tio n , s in c e  s t r a t i f i c a t i o n  would la rg e ly  e lim in a te  n u tr ie n t  

inpu t to  the  eupho tic  zone from th e  sediments: and deep w aters.
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The s im i l a r i t i e s  between th e  c h a r a c te r is t ic s  o f th e  phyto

p la n k to n  community and th e  proposed p rocesses o f re g u la tio n  described  

f o r  t h i s  e s tu a rin e  environment and those  observed in  ocean ic  environm ents 

a r e  w o r th  no ting . C h a ra c te r is t ic s  norm ally a t t r ib u te d  to  ocean ic  phyto

p la n k to n  communities in c lu d e : dom ination of th e  phytoplankton by nanno

p la n k to n ;  l im ita tio n s  o f biomass by g raz ing ; d iu rn a l v a r ia t io n s  in  

n u t r i e n t  co n ce n tra tio n s , m etabo lic  fu n c tio n  and biom ass; a c lo se  coupling 

be tw een  zooplankton grazing  and n u tr ie n t  e x c re tio n ; sun and shade 

a d a p ta t io n ;  and re g u la t io n  of prim ary p roduction  by hydrographic e f f e c t s .

These s im i l a r i t i e s  su g g est th a t  th e  dynamics o f th e  phytoplankton 

community in  t h i s  e s tu a r in e  system  and p o ss ib ly  o th e rs ,  a re  fu n c tio n a lly  

s im i l a r  to th o se  in  ocean ic  ecosystem s bu t a re  o p era tin g  on an o rder 

o f  m agnitude h ig h e r  l e v e l .  The preceding in te rp r e ta t io n  adm itted ly  

in v o lv e s  much s p e c u la tio n , and th e  need f o r  more re se a rch  i s  ap p aren t. 

H ow ever, the v a lu e  of c lo se ly  spaced measurements in  e s tu a r in e  re sea rch  

i s  ap p aren t and should  be employed whenever p ra c t ic a b le .  In  th i s  manner, 

i t  appears l ik e ly  th a t  th e  h ig h ly  dynamic tem perate e s tu a r in e  ecosystem 

can  be  su ccessfu lly  analyzed and h o p efu lly  reduced to  manageable term s.



Figure 1 Lower Chesapeake Bay and su b e s tu a r ie s  w ith  th e  

lo c a tio n  o f th e  sampling s ta t io n  in  the  York 

R iver mouth.
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Figure 2 Pyroheliom eter readouts (la n g ley s  fo r

th e  f i r s t  day of each s ta t io n .  T o ta l lang leys 

per day appear below d a te .
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Figure 3. Total chlorophyll at time of sampling for each station. Values are 

the mean for the 0.5, 1.0, 2.0 and 4.0 meter depths. Bars include 

± one standard error of the mean. Single points in April indicate 

only single sample (1.0 meters) taken. For February and May, net 

plankton (>15 ~m; ) and nannoplankton (<15 ~m; ·······) 

concentrations also shown. Vertical columns indicate times that 

maximum (1200 - 1600) and minimum (0000 - 0400) chlorophyll 

concentrations normally observed. Times of high ( ' ) and low ( ' ) 

tide are indicated. 



O O O o O o o O 10 o
—  CM —  CVJ —

KHCJ KHKH
K X „<\$

KM

K H

K H
KH

2  »
3  — KH-

.«M
KH IOI

KH

KH
KH

o o o

U B*) A  TUHdOyOlHO

08
00

 
16

00
 

24
00

 
08

00
 

16
00

 
08

00
 

16
00

 
24

00
 

08
00

 
16

00



F igu re  4. D ie l v a r ia t io n  in  nannoplankton ch lo ro p h y ll.

Values a re  mean euphotic  zone c h lo ro p h y ll a 

c o n c en tra tio n s  expressed as a p e rc e n t of th e  

minimum d a i ly  v a lu e , and averaged fo r  a l l

s ta t io n s  exc lud ing  February and May ( • - ---- • ) .

The number o f o b se rv a tio n s  a re  given in  paren 

th e se s . V e r t ic a l  b a rs  in d ic a te  s tandard  e r r o r  

o f the mean. February d a ta  graphed s e p a ra te ly  

(o o) .
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F igure  6. T o ta l phytoplankton a s s im ila tio n  r a t io s  

(yg C h r- 1 (yg Chi a ) - -1-) p lo t te d  ag a in s t 

mean in te g ra te d  in  s i t u  l ig h t  in te n s i ty  

( lan g ley s  min"-*-) fo r  each s ta t io n  ( » ) .

For February th e  nannoplankton (<15 ymj o ) 

and n e t p lank ton  (>15 ym; •  ) a re  a lso  shown. 

Smooth curves drawn using  d a ta  from Table 2. 

Estim ated v a lu es  o f Pmax fo r  F ebruary , June 

and August a re  shown ( £  ) .
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Figure 7 D ie l v a r ia t io n  in  t o t a l  phytoplankton a s s im ila tio n  

r a t io s .  Values a re  given as p e rcen t d e v ia tio n  

from p re d ic te d  v a lu e  (smooth curves in  F ig . 6)

fo r  0 .5  m eters (-------) ,  1 .0  m eters (•...... •) * and

2 .0  m eters (-■---) and p lo tte d  a g a in s t midtime

o f  in cu b a tio n .

97



P
E

R
C

E
N

T 
D

E
V

IA
T

IO
N

+ 4 0 - 23 JUL.

hrs.

4 0 -

+80-1
FEB.

+ 4 0 -

- 4 0

+ 8 0 -
16 APR. 21 AUG.

+ 4 0 -

hrs.- 4 0 -

- 4 0 -

21 MAY+ 4 0 -
+ 80 -i

OCT.

- 4 0 - 1

- 4 0 -
+ 4 0 -

13  NOV.

hrs.
- 4 0 -

18 JUN.
- 4 0 J



F igure 8. T o ta l phytoplankton ( •  ) and nannoplankton 

( O ) l i g h t  s a tu ra te d  a s s im ila tio n  r a t io s  

(Pmax) p lo t te d  ag a in s t in  s i t u  in cu b a tio n  

tem peratu re . Smooth l in e  i s  taken  from 

W illiam s and Murdoch (1966) fo r  th e  B eaufort 

a rea  e s tu a ry .
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ABSTRACT

Five sp ec ies  o f  non-pigmented m ic ro f la g e lla te s  (3-10 ym), 

is o la te d  from th e  York R iver, e s tu a ry , V irg in ia , U.S.A. were success

fu l ly  cu ltu re d . A ll f iv e  m ic ro f la g e lla te s  were shown, by feed ing  

experim ents and e le c tro n  m icroscopy, to  in g e s t  l iv e  b a c te r ia .  These 

same m ic ro f la g e lla te s  were n o t capable o f  u t i l i z in g  11 o rgan ic  sub

s t r a te s  a t  co n cen tra tio n s  to  0 .75 mg 1“ ^ . I  propose th a t  th e  normal 

n u t r i t io n a l  mode of th e  m arine m ic ro f la g e lla te s  te s te d  i s  to  in g e s t 

b a c te r ia  r a th e r  than  d isso lv ed  organ ic  m a tte r  o r  a com bination 

th e re o f .



INTRODUCTION

The f lu x  o f d is so lv e d  o rg an ic  m a tte r  (DOM) through the 

p lank ton  ecosystem  may re p re se n t a s ig n i f ic a n t  f r a c t io n  o f th e  carbon 

fix ed  v ia  prim ary p ro d u c tio n  (Pomeroy, 1974). A vailab le  evidence 

suggests  th a t  b a c te r ia  ra p id ly  a s s im ila te  th e  more l a b i l e  p o r tio n  o f 

th is  m a te r ia l  (W right and Hobble, 1966; Andrews and W illiam s, 1971).

The subsequent f a te  o f th e se  b a c te r ia  i s  g e n e ra lly  unknown although 

Pomeroy (1975) and Andrews and W illiam s (1971) b o th  s p e c u la te  th a t  

grazing  by b ac tero v o ro u s p ro tozoans i s  a l ik e ly  p o s s ib i l i t y .  One 

probable  group of g ra z e rs ,  th e  o b lig a te ly  h e te ro tro p h ic  (non-pigm ented) 

m ic ro f la g e l la te s ,  a re  however, c lo se  to  b a c te r ia  in  s iz e  (comparable 

su rfa c e  area-to -vo lum e r a t io s )  and thus may compete w ith  b a c te r ia  in  

membrane phenomenon such as DOM up take by consuming DOM d i r e c t ly  as 

w e ll as in d i r e c t ly  through b a c te r i a l  in g e s tio n .

In  th i s  p ap e r, I  w ish to  re p o r t  my r e s u l t s  in  a ttem p tin g  

to  e v a lu a te  th e  r e l a t iv e  im portance of two proposed pathways,

DOM b a c te r i a  — non-pigmented f l a g e l la te s  and DOM —>- non-pigmented 

f l a g e l la te s .
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MATERIALS AND METHODS

I s o la t io n  and C u ltu re . F la g e lla te s  were is o la te d  from th e  su rfa c e  

w aters o f th e  Lower York R iver a t  th e  V irg in ia  I n s t i t u t e  of M arine 

Science during June and Ju ly , 1969, w ith  w ater tem perature and s a l i n i t y  

a t  20-25C and 17-21 o /oo , re sp e c tiv e ly . The y e a r ly  tem perature and 

s a l i n i t y  v a r ia t io n  a t  th is  p o in t in  the r iv e r  i s  1-27C and 12-25 o /oo , 

re sp e c tiv e ly .

A liquots o f th i s  w ater b e fo re  and a f t e r  p lank ton  co n cen tra tio n  

(Dodson & Thomas, 1964) were p laced  d i r e c t ly  in to  E rd sch rieb ers  

enriched  seaw ater medium (B utcher, 1959). In  a d d it io n , in d iv id u a l 

f la g e l la te s  were s e le c te d  from th e  p lankton  co n cen tra tes  by m icro- 

p ip e t t in g  and p laced  in  the  enriched seaw ater medium.

C ultures were grown in  50 ml of media in  125 ml erlenm yer 

f la sk s  a t  22-24C under l ig h t  cond itions used fo r  c u ltu r in g  au to tro p h ic  

organism s. A fte r  i n i t i a l  growth, f u r th e r  m ic ro p ip e ttin g  and sub- 

c u ltu r in g  r e s u l te d  in  a v a r ie ty  o f u n is p e c if ic  b u t non-axenic c u ltu re s  

of non-pigmented m ic ro f la g e lla te s .

Five o f th e se  m ic ro f la g e lla te s  w ith  th e i r  a sso c ia te d  b a c te r ia l  

f lo r a  were su c c e ss fu lly  sub cu ltu re d  on a defined  media s im ila r  to  

P ro v a so lis ’ASP6 (Droop, 1969) w ith  g lucose (1.0 gro I - -*-) added as a 

carbon source.

Attempts to  r id  th e  m ic ro f la g e lla te  c u ltu re s  of b a c te r ia  

e i th e r  by a n t ib io t ic  trea tm en t (Droop, 1967) o r su b cu ltu rin g  c e l l s  

th a t  had been rep ea ted ly  washed in  s t e r i l e  media were u n su ccessfu l.
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A v a r ie ty  o f undefined and defined  o rgan ic  enrichm ents (amino a c id s , 

peptone, p ro te in  h y do lysa tes) a t  co n cen tra tio n s  as h igh  as 5 .0  g 1“^ 

were used in  an e f f o r t  to  prov ide growth substances ap p aren tly  supp lied  

by the  b a c te r ia .  None were su c c e ss fu l in  p e rm ittin g  f la g e l la te  growth 

independent o f b a c te r ia .

In  an e f f o r t  to  s ta n d a rd iz e  th e  b a c te r ia  a s so c ia te d  w ith  

the  f l a g e l la te s ,  a l iq u o ts  from each f la g e l la te  c u ltu re  were s treak ed  

out on 1% agar in  th e  a r t i f i c i a l  seaw ater media. Three of the f iv e  

c u ltu re s  con tained  only one, a lb e i t  d i f f e r e n t ,  b a c te r ia l  s t r a i n ,  w hile  

th e  rem aining two y ie ld ed  a  f a s t  and slow growing s t r a i n .  C ultu res 

o f the  f iv e  dominant b a c te r ia  ( th ree  s in g le  i s o la te s  p lu s  two f a s t  

growing i s o la te s )  were i n i t i a t e d  from th e  p la te s  and th e  f iv e  f l a g e l la te s ,  

a f t e r  washing in  s t e r i l e  media, were re in n o cu la ted  back in to  th e i r  

re sp e c tiv e  b a c te r i a l  a s s o c ia te . The f i n a l  r e s u l t  was f iv e  u n sp e c if ic  

f l a g e l la te - b a c te r i a l  a s so c ia tio n s  cu ltu re d  in  defined  media.

The m ic ro f la g e lla te s  used in  t h i s  study were a l l  b i f l a g e l l a t e  

ovoid c e l ls  m easuring 3-10 pm in  d iam eter. Although no e f f o r t  was 

made to  id e n t i fy  to  sp e c ie s , d i f f e r e n t ia t io n  based on c e l lu la r  and 

f l a g e l la r  s tr u c tu r e  was p o ss ib le  (F ig . 2 -4 ). The f iv e  b a c te r ia l  

s t r a in s  used in  th i s  study were a l l  gram -negative ro d s . Species 

d i f f e r e n t ia t io n  was based on d iffe re n c e s  in  c e l l  morphology in  l iq u id  

c u ltu re  and colony morphology on agar p la te s .

N u tr it io n  Experim ents. M ic ro f la g e lla te  in g e s tio n  o f b a c te r ia  was 

assayed by observing  th e  change in  b a c te r i a l  co n cen tra tio n  and m icro

f la g e l la te  numbers fo llow ing  th e  ad d itio n  of m ic ro f la g e lla te s  to  po st 

log  phase b a c te r ia l  c u l tu re s .  B a c te r ia l  co n cen tra tio n  was q u a n tif ie d



115

by th e  c u l tu re  absorbence a t  420 nm on a S p ec tro n ic  20 sp ec tropho tom eter 

and f l a g e l l a t e  numbers were determ ined by counting  w ith  a s tan d ard  

hem acytom eter and m icroscope.

D ire c t o b se rv a tio n  of b a c te r ia  in g ested  by m ic ro f la g e l la te s  

was p o s s ib le  by means o f e le c tro n  m icroscopy. F la g e l la te - b a c te r ia l  

c u ltu re s  were fix ed  fo r  20 m inutes w ith  a 0 .2  M caco d y la te  b u ffe red  

1% g lu te ra ld e h y d e  s o lu t io n .  The m a te r ia l  was then  p e l le te d  w ith  a 

c l i n i c a l  c e n tr ifu g e  and washed th re e  tim es, te n  m inutes each tim e, in  

0 .2  M caco d y la te  b u f f e r  and au to c lav ed  e s tu a r in e  w a te r (1 :1 ) a t  pH 7 .2 . 

The m a te r ia l  was th en  p o s t- f ix e d  w ith  0 .1  M caco d y la te  b u ffe re d  1%

0s0^ fo r  2 h o u rs , fo llow ed by r in s in g  w ith  0 .1  H cacody la te  b u f fe r .

A fte r  embedding in  agar (2% in  0 .1  M cacody la te  b u f fe r )  th e  m a te r ia l  

was dehydrated in  a  graded acetone s e r ie s  and embedded in  ACM r e s in .

Thin se c tio n s  were s ta in e d  w ith  2% u ran y l a c e ta te  follow ed by lead  

c i t r a t e  and observed w ith  a H ita c h i HU-11B e le c tro n  m icroscope.

In  o rd e r  to  t e s t  f o r  th e  uptake of d isso lv e d  o rg an ic  m a te r ia l  

by th e  f l a g e l l a t e s ,  th e  fo llo w in g  method was used to  s e p a ra te  them from 

th e i r  a s so c ia te d  b a c te r ia .  F la g e l la te s ,  from th e  f l a g e l l a t e - b a c t e r i a l  

c u l tu re s ,  were in n o cu la ted  in to  th re e  day o ld  c u l tu re s  o f th e i r  

re sp e c tiv e  b a c t e r i a l  ty p e . A fte r  a s u i ta b le  growth p erio d  (3-5 d a y s ) , 

th e  m ic ro f la g e l la te s  were removed by s t e r i l e  p ip e t  from most o f th e  

rem aining b a c te r ia  which tended to  s e t t l e  to  th e  bottom . F u rth e r  

i s o la t io n  co n s is ted  o f co n c e n tra tin g  th e  m ic ro f la g e l la te s  by g e n tle  

c e n tr ifu g a tio n  and resu sp en sio n  o f th e  p e l l e t  f o r  12 hours in  f re sh  

c u ltu re  media co n ta in in g  2500 yg 1“ -̂ p e n i c i l l i n  and 625 ]lg 1“ ^ s t r e p to 

mycin. The p resence  o f g lucose in  th e  c u l tu re  media was used to  m ain ta in  

th e  r e s id u a l  b a c te r ia  in  an a c tiv e  m etab o lic  s t a t e  and thus s u sc e p tib le
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to  th e  a c tio n  o f p e n ic i l l i n  as suggested by Droop, (1969). The m icro

f la g e l la te s  were th en  washed tw ice w ith  s t e r i l e  media con ta in ing  no 

glucose and resuspended a t a  co n cen tra tio n  of 0 .5  to  3x10® c e l l s  ml- -*- 

fo r  use in  th e  DOM uptake experim ents. Samples of the t e s t  suspension 

were p la te d  onto 1% agar in  c u ltu re  media w ith  glucose b e fo re  and a f te r  

the uptake experim ents to  t e s t  f o r  b a c te r ia l  contam ination.

The uptake and a s s im ila tio n  of d isso lv ed  o rgan ic  su b s tra te s  

was determ ined fo llow ing  the  techniques of W right and Hobbie (1966).

The fo llow ing  -^C -labeled  s u b s tra te s  were used in  s e r i a l  co n cen tra tio n  

ranging from 25 through 750 y g l” -1-; L -a la n in e , L -a s p a r t ic ,  g ly c in e ,

L-glutam ic a c id , L -leu c ln e , L -se rin e , L -v a lin e , L -th reo n ln e , g ly c e ro l, 

g lucose and sodium a c e ta te .

A fte r  incubation  w ith  th e  lab e led  su b s tra te  fo r  2-3 hours, 

th e  b io lo g ic a l  a c t iv i ty  was stopped w ith  fo rm alin  and the f la g e l la te s  

were f i l t e r e d  onto 25 mm, 0 .50  ym M illip o re R EH f i l t e r s  p re rin se d  w ith  

c u ltu re  media. The damp f i l t e r s  were p laced in  l iq u id  s c in t i l l a t i o n  

v ia l s  w ith  200 y l  NCSR s o lu b i l iz e r  f o r  24 hours. A to luene-based  

c o c k ta il  was added two hours o r  more p r io r  to  counting on a Beckman 

l iq u id  s c in t i l l a t i o n  co u n te r, w ith  a counting e f f ic ie n c y  of about 

90%.



117

RESULTS

F ig . 1 dem onstrates th e  decrease  in  b a c te r ia l  tu rb id i ty  

a sso c ia te d  w ith  th e  lo g arith m ic  in c rea se  in  f l a g e l la te  numbers when 

the  l a t t e r  a re  added to  a p o s t- lo g  phase b a c te r ia l  c u ltu re . S im ila r 

r e s u l ts  were found when th e  same procedure was rep ea ted  w ith  the 

rem aining fo u r f l a g e l l a t e s .

E lec tro n  m icrographs of sec tio n ed  f l a g e l la te - b a c te r i a l  c u ltu re  

m a te r ia l confirmed b a c te r ia l  In g es tio n  by th e  f la g e l la te s .  The food 

vacuoles of f la g e l la te s  con ta in ing  b a c te r ia  were e a s i ly  v i s ib le  (F ig . 6 ) . 

Although no attem pt was made to  follow  the  d ig e s tio n  p rocess  of the  

in g ested  b a c te r ia ,  food vacuoles w ith  t ig h t ly  packed membrane systems 

were observed (F ig . 7 ). These membrane systems were s im ila r  to  those 

observed during th e  d ig e s tiv e  p rocess in  c e l lu la r  slim e molds p red a to ry  

on l iv e  b a c te r ia  (Hohl, 1965). F ig . 5 i l l u s t r a t e s  a f l a g e l la te  

apparen tly  in  th e  p rocess o f in g e s tin g  a filam entous b a c te r ia .  This 

p h y s ic a l a s so c ia tio n  was observed o fte n  in  c u l tu re s ,  w ith  th e  f la g e l la te  

adhering to  th e  b a c te r ia l  f ila m e n t, more o fte n  than no t a t  one end of 

the  f ilam en t.

The r e s u l t s  o f th e  DOM uptake experim ents dem onstrated th a t ,  

under the  co n d itio n s  d e sc rib e d , th e  f iv e  f la g e l la te s  were unable to  

tak e  up any o f th e  s u b s tra te s  te s te d . An uptake p a t te rn  resem bling a 

h y p erb o lic  fu n c tio n  of th e  s u b s tra te  co n cen tra tio n  was only  o ccas io n a lly  

found and i t  was always a sso c ia te d  w ith  excessive  b a c te r ia l  contam ination 

of the t e s t  m a te r ia l.
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DISCUSSION

C onsiderable evidence suggests  th a t  up to  SO% o f  prim ary 

p rod u ctio n  i s  channeled through th e  DOM pool of th e  m arine environm ent. 

In  a re c e n t rev iew , Pomeroy (1975) summarized one concept of how th is  

DOM is  re tu rn ed  to  th e  p a r t ic u la te  phase of th e  food web i . e .  DOM—►- 

b a c te r ia  phagotrophlc p ro tozoans. D ata rep o rted  in  th i s  paper 

support th i s  concept. Of th e  f iv e  non-pigmented m arine f la g e l la te s  

s tu d ie d , a l l  were capable of in g e s tin g  and a s s im ila tin g  b a c te r ia .  

H olozoic c a p a b i l i t i e s  a re  ap p aren tly  common among both pigmented and 

non-pigmented p h y to f la g e lla te s  (Boney, 1970; Lackey, 1967) and zoo- 

f l a g e l la te s  (Lackey, 1967).

I  was su rp r ise d  th a t  th e  f iv e  f la g e l la te s  s tu d ied  appeared 

to  be o b lig a te  phagotrophs and in capab le  of tak ing  up DOM in  th e  forms 

and under th e  c o n d itio n s  provided in  th i s  experim ent. H elleb u st (1970), 

Sloan and S tric k la n d  (1966), and Pope (1974) were unable to  dem onstrate 

any uptake c a p a b il i ty  in  pigmented f la g e l la te s  exposed to  sim ple o rgan ic  

compounds a t  co n cen tra tio n s  comparable to  those used in  th is  study .

North and Stephens (1969) dem onstrated th e  uptake of d isso lv ed  f re e  

amino a c id s  (DFAA) by th e  pigmented f la g e l la te  PCatymonaA AubdOfLcLLfiOHniA 

and contend th a t  t h i s  uptake i s  a  s ig n i f ic a n t  c o n tr ib u tio n  to  th e  

n itro g e n  n u t r i t io n  of th i s  phototroph in  th e  n a tu ra l  environm ent. I  

f in d  t h e i r  arguments unconvincing s in c e  they  re p o rt  an uptake co n stan t 

(kt ) fo r  g ly c in e  of 19 x 10"® M 1"^ which i s  about two o rd ers  of



119

magnitude h ig h er than the  g lyc ine  kfc fo r  n a tu ra l  p lank ton  popu la tions 

(Hobbie e t  a l . , 1968; Crawford e t  a l . , 1974).

I t  seems u n lik e ly  th a t  the co n cen tra tio n  of a n t ib io t ic s  used 

in  th is  experim ent destroyed  any uptake mechanisms f o r  DOM s in c e  North 

and Stephens (1967) re p o rt th a t  p re trea tm en t of PZatywoyuii AubcoSidifioMtii 

f o r  24 hours w ith  0 .4  g 1“ -*- strep tom ycin  had no e f f e c t  on the  uptake 

of DFAA. I t  i s  p o ss ib le  th a t  using  co n cen tra tio n s  o f s u b s tra te s  h ig h er 

than 0.75 mgl"^ m ight r e s u l t  in  uptake. E ight marine d i l a t e s  have 

been cu ltu re d  in  defined  media u t i l i z in g  in d iv id u a l amino ac id s  in  

co n cen tra tio n s  ranging from 0 .1  to 1 .2  g l“^ (Hanna and L i l ly ,  1974;

Soldo and M erlin , 1972).

W ithout a d d itio n a l experim entation  ( in  c u ltu re  and ixi &JJU) , 

i t  i s  d i f f i c u l t  to  ev a lu a te  th e  e c o lo g ic a l s ig n if ic a n c e  o f b a c te r ia l  

g razing  by f la g e l la te s .  The ex te n t to  which f la g e l la te s  in  n a tu re  can 

graze a l l  b a c te r ia  o r w hether they are  r e s t r i c t e d  to  s p e c if ic  b a c te r ia  

i s  unknown. Hardin (1944) dem onstrate th a t  f l a g e l la te s  a re  capable 

o f grazing 38 d i f f e r e n t  s t r a in s  of b a c te r ia  and Pomeroy (1974) sp ecu la te s  

th a t  they may even in g e s t  sm alle r pigmented f l a g e l la te s .  In  any case , 

in g e s tio n  o f sm alle r p a r t ic le s  by la r g e r  p a r t ic le s  allow  m a te r ia ls ,  

th a t  might o therw ise have been lo s t  due to t h e i r  sm all s iz e ,  to  be 

a v a ila b le  to th e  h ig h e r  tro p h ic  le v e ls .

The e x ten t to  which b a c te r ia l  numbers in  th e  marine environment 

a re  re g u la te d  by f la g e l la te  grazing  i s  unknown. This may be e s p e c ia lly  

s ig n i f ic a n t  in  environments su b jec ted  to  contam ination by sewage where 

b a c te r ia l  numbers a re  high and c e r ta in  sp ec ies  of z o o f la g e lla te s  a re  

known to  th r iv e  (Lackey, 1967).
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The c o n tr ib u tio n  of protozoans to  n u tr ie n t  re g e n e ra tio n  in  

th e  m arine environment i s  lik ew ise  unknown. Pomeroy (1970; 1974) 

sp e cu la te s  th a t  they and no t b a c te r ia  may be th e  prim ary agents o f 

n u t r ie n t  re g en e ra tio n , and Johannes (1964; 1965) dem onstrated th e i r  

e f fe c tiv e n e s s  in  phosphorus re g en e ra tio n . B arsdate e t  a l .  (1974) have 

re p o rte d  h ig h e r le v e ls  o f  ammonia in  b a c te r i a l - d e t r i tu s  c u ltu re s  grazed 

by pro tozoans than i n  s im ila r  c u ltu re s  w ith  no g ra z e rs , in d ic a tin g  a 

p o s s ib le  ro le  in  n itro g e n  reg en e ra tio n  fo r  p ro tozoans.

Some measure of th e  c o n tr ib u tio n  of th e  non-pigmented 

f la g e l la te s  to  the m etabolism  of the m arine environment may be gained 

from o b serv a tio n s  o f th e i r  r e la t iv e  abundance. S everal in v e s t ig a to r s  

have noted  la rg e  po p u la tio n s  in  m arine environm ents (R eid, 1972; Wood, 

1963a&b). The o b se rv a tio n  by Pomeroy and Johannes (1966; 1968) th a t  

a s ig n i f ic a n t  f r a c t io n  o f the  r e s p ir a t io n  measured in  th e  W estern North 

A tla n t ic ,  Gulf Stream and Sargasso Sea can be accounted fo r  by non- 

pigmented f la g e l la te s  on th e  o rd e r of 5-10 pm in  s iz e  fu r th e r  supports 

th e  concept th a t  th ey  c o n s ti tu te  a major pathway through which energy 

flow s and n u tr ie n ts  cy c le . Confirm ation o f t h i s  hy p o th esis  aw aits  the 

development of Zil i t t a  techn iques to  q u an tify  t h e i r  c o n tr ib u tio n  to 

th e  metabolism of the m arine environm ent.
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F igure  1. Growth o f  b a c te r ia  (o) and m ic ro f la g e l la te  8CA (•)  

in  c u l tu re  media. B a c te ria  in n o cu la ted  a t  0 h r s .  

and m ic ro f la g e l la te s  added to  b a c te r i a l  c u l tu re  a t  

303 h r s .
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Figure  2. Whole mount of f l a g e l la te  6A. Bar equals 1 .0  pm.

Fixed w ith  fumes generated  from 2% osmium te tro x id e  

and shadowed w ith  p la tinum -pallad ium .

F igu re  3. Whole mount of f l a g e l la te  9C. Bar equals 1 .0  pm.

Fixed as in  F ig . 2.

F igu re  4. Whole mount o f f l a g e l la te  8CA. Bar equals 1 .0  pm.

Fixed as in  F ig . 2.

F igure  5. F la g e l la te  8CA engu lfing  b a c te r ia l  f ilam e n t. Bar

equals 1 .0  pm. Fixed as in  F ig . 2.
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Figure 6

F ig u re  7

F la g e l la te  8CA w ith  food v acu o les  (F) c o n ta in in g  

b a c te r ia  (a rro w s). 28,000X. Bar equals  1 .0  litn. 

F la g e l la te  8CA w ith  food v acu o le  c o n ta in in g  packed 

membrane system  (M). 15,125X.
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CONCLUSION

The r e s u l t s  of t h i s  study  In d ic a te  th a t  an ac tiv e  and  dynamic 

phytoplankton community e x i s t s  in  th e  low er York R iv e r. T his was 

p a r t ic u la r ly  m an ife s t in  th e  sh o rt terra (hourly) v a r ia t io n s  observed 

in  s e v e ra l  b io lo g ic a l  param eters . P e r s is te n t  d i e l  cycles were observed 

in  ch lo ro p h y ll co n c en tra tio n  (h ig h e s t in  m id -afternoon  and lo w e s t near 

m idnight) and a s s im ila tio n  r a t i o  (h ig h e s t in  midmorning and /o r mid- 

a fte rn o o n  depending on th e  day le n g th ) . Ammonia co n cen tra tio n  a lso  

e x h ib ite d  a d ram atic  d ie l  cy c le  (h ig h e s t in  e a r ly  morning, lo w est a t 

midday) (Webb and Haas, 1975). A v ailab le  evidence suggests t h a t  d ie l  

c y c les  a lso  e x i s t  f o r  nannoplankton d iv is io n  (synchronously d u rin g  

e a r ly  m orn ing), ammonia a s s im ila t io n  (g re a te s t  i n  e a r ly  m orn ing), 

ammonia p ro d u c tio n  ( g re a te s t  in  l a t e  a fternoon  and evening) and herb ivo re  

abundance and /o r feeding a c t i v i t y  ( g r e a te s t  in  l a t e  afternoon  and 

ev en in g ).

The hypotheses advanced to  ex p la in  th e se  d ie l  v a i r a t io n s  are 

in  s u b s ta n t ia l  agreement w ith  the  compartmental model shown in  F igure  1 

( In tro d u c tio n )  and a re  summarized as fo llo w s. The nannoplankton dominate 

prim ary p ro d u c tio n , synchronously d iv id in g  in  th e  e a r ly  morning hours. 

Ammonia a s s im ila tio n  by phytoplankton  i s  a p p a re n tly  keyed to  th e  

a v a i l a b i l i ty  o f  l i g h t  in  th e  m orning, and r e l a t iv e ly  high am bient con

c e n tra tio n s  o f  ammonia a re  markedly reduced by noontim e. R a te s  of urea 

u t i l i z a t i o n  in d ic a te  th a t  i t  i s ,  a t  tim e s , a s ig n i f ic a n t  so u rce  of
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n itro g en  f o r  the phytop lankton . L ight energy is  ap p a ren tly  more 

e f fe c t iv e ly  d ire c ted  toward th e  process o f photosynthesis in  th e  a f te r 

noon, g e n e ra lly  r e s u l t in g  in  h ig h est a s s im ila tio n  r a t io s  a t  t h i s  tim e.

The accum ulation of phytoplankton biomass i s  reduced by h e rb iv o re  

grazing which apparen tly  occurs a t maximum ra te s  in  th e  l a t e  a fternoon  

and e a r ly  evening. During th e  same p e r io d , ammonia co n cen tra tio n s  

in c re a se  presumably a r e s u l t  of zooplankton ex cre tio n . Thus, i t  i s  

proposed th a t  a c lose  in te r a c t io n  e x is ts  between the phytoplankton  and 

zooplankton, mediated by th e  processes o f both  grazing and n u tr ie n t  

reg en e ra tio n  and u t i l i z a t i o n .

The need fo r  f u r th e r  docum entation of the p reced ing  hypotheses 

i s  ap p aren t. The f i r s t  experim ental p r io r i t y  fo r  f u r th e r  re sea rch  would 

appear to  be  p e rio d ic  ( s e v e ra l  tim es d a ily )  determ ination  of nannoplankton 

numbers so th a t  the n a tu re  o f the d ie l  v a r ia t io n  in  c h lo ro p h y ll abundance 

can be  determ ined. S im ila r ly , concurren t q u a n tif ic a tio n  o f zooplankton 

abundance and/or feed ing  a c t iv i ty  i s  n ecessa ry  to s u b s ta n t ia te  the 

proposed cause fo r  th e  d a i ly  decrease in  ch lo rophy ll abundance and the 

in c re a se  in  ammonia co n cen tra tio n .

The r e s u l ts  o f t h i s  study a lso  suggest th a t  th e  b io lo g ic a l  

and p h y s ic a l param eters re g u la tin g  prim ary production in  th e  lower York 

River a re  varied  and in c lu d e  tem perature, zooplankton g ra z in g , l ig h t  

a v a i l a b i l i ty  and hydrographic c o n d itio n s .

The r e la t io n s h ip  between prim ary production and tem perature 

in  th i s  ecosystem fo llow s a  p a tte rn  s im i la r  to  th a t observed in  o th e r 

tem perate e s tu a rie s  i . e .  a p o s it iv e  c o r re la t io n  between tem perature 

and th e  l ig h t  sa tu ra te d  r a t e  of ph o to sy n th esis  (Pmax) r e s u l t in g  from 

the e f f e c t  of tem perature on th e  dark o r biochem ical r e a c t io n  o f photo
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s y n th e s is .  In  t h i s  In s ta n c e , however, the c o r re la t io n  I s  p a r t i a l l y  

obscured  by two f a c to r s .  The occurrence of shade adapted phytoplankton 

throughout the  eupho tic  zone during  periods o f v e r t i c a l  homogeneity 

(mixed lay e r  depths 5-6 tim es g r e a te r  than th e  euphotic zone depth) 

r e s u l te d  in  Pmax v a lu es  50% o f th o se  observed a t  comparable tem peratures 

d u rin g  periods o f  s t r a t i f i c a t i o n .  The apparen t s e le c tio n  of cold adapted 

n e t phytoplankton sp ec ies  in  February  re s u l te d  in  a s s im ila tio n  r a t io s  

consid e rab ly  h ig h e r  than would b e  p red ic ted  on the b a s is  of tem perature 

a lo n e . S im ilar o b servations of h igh  w in te r a s s im ila tio n  r a t io s  in  the  

New York b ig h t (T.- C. Malone, p e rs . comm.) and an in d ic a tio n  o f th e  

same phenomenon in  th e  upper Chesapeake Bay (VanValkeriburg and Flem er,

1974) suggests th a t  s e le c tio n  fo r  cold adapted phytoplankton in  tem

p e ra te  e s tu a r ie s  may be a r e l a t iv e ly  common occurrence and w arran ts 

f u r th e r  in v e s tig a tio n .

R egulation  of prim ary p roduction  by l ig h t  a v a i l a b i l i ty  

ap p a re n tly  o p era tes  in  both  a d i r e c t  and in d i r e c t  fa sh io n . D irec t 

re g u la t io n  i s  apparen t in  th e  h y p erb o lic  n a tu re  of a s s im ila tio n  r a t io  

v e rsu s  l ig h t  in te n s i ty  cu rves, when d a ta  from a l l  depths o f th e  euphotic 

zone a re  combined. This su g g ests  th a t  the  phytoplankton a re  homogeneously 

d is t r ib u te d  in  th e  euphotic  zone w ith  re sp e c t to  p h o to sy n th e tlc  c a p a b i l i ty ,  

and th a t  the p h o to sy n th e tic  r a t e  of n a tu ra l phytoplankton assemblages 

does conform to  in c id e n t l i g h t  in te n s i ty  in  a p re d ic ta b le  manner. The 

form er conclusion i s  co n trary  to  th a t  a rr iv e d  a t  by P a tte n  (1963) fo r  

York R iver phytop lankton , and C url and Small (1965; see a lso  Sm all,

C url and Glooschenko, 1972) ap p a ren tly  overlooked the  l a t t e r  p o in t in  

a s tu d y  of phytoplankton p ho tosyn thesis  o f f  the  Oregon Coast.
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The in d i r e c t  re g u la tio n  of prim ary p ro d u c tiv ity  by l ig h t  i s  

m an ifest in  con junction  w ith  th e  v a r ia b le  hydrographic co n d itio n  

d escribed  fo r  th e  York R iver. The r e l a t iv e ly  deep w ater column in  

th i s  es tu a ry  combined w ith  a  shallow  euphotic  zone, c h a r a c te r is t ic  of 

tu rb id  e s tu a r ie s ,  provides th e  a p p ro p ria te  co n d itio n s  fo r phytoplankton 

to  become shade adapted ( e .g .  decreased values o f Pmax) when the  w ater 

column becomes v e r t ic a l ly  homogeneous. The e f fe c t  of th i s  shade 

ad a p ta tio n  on th e  annual prim ary p ro d u c tiv ity  of th e  system w i l l  have 

to  aw ait more d e ta i le d  s tu d ie s  concerning both th e  amount o f tim e during  

th e  s um m e r  th a t  th e  e s tu a ry  i s  v e r t ic a l ly  homogeneous and th e  amount of 

tim e necessary  fo r  the  phytoplankton to  become sun or shade adapted 

once ap p ro p ria te  cond itions a re  e s ta b lish e d . However, consid e rin g  th a t  

shade ad ap ta tio n  can d ecrease  r a te s  of Pmax by 50% and th a t  periods o f 

v e r t i c a l  homogeneity should th e o r e t ic a l ly  be both  more numerous and of 

lo n g er d u ra tio n  in  th e  summer, when a s s im ila tio n  r a t io s  a re  p o te n t ia l ly  

h ig h e s t ,  suggests  th a t  shade ad ap ta tio n  could have a p o te n t ia l ly  s ig n i f 

ic a n t  e f f e c t  on th e  to t a l  annual r a te  of p roduction .

The re g u la tio n  o f phytoplankton biomass by h erb iv o re  grazing  

i s  suggested by two o b se rv a tio n s : the  r e la t iv e ly  damped seasonal

f lu c tu a tio n  in  ch lo ro p h y ll abundance in  the  lower Chesapeake Bay 

observed by p rev ious in v e s t ig a to rs  (Flem er, 1970; McCarthy and T ay lo r, 

1974); and th e  l a t e  a fte rn o o n  decrease  in  ch lo ro p h y ll abundance coin

c id en t w ith  th e  d a ily  in c re a se  in  ammonia co n cen tra tio n . As was noted  

p rev io u sly , th e  v a l id i ty  o f th e  l a t t e r  observ atio n  needs to  be confirmed 

by fu r th e r  re se a rc h . However, th e  dom ination of prim ary production  by 

nannoplankton suggests  th a t  th e  dominant h e rb iv o res  may n o t be the n e t 

zooplankton t r a d i t io n a l ly  sampled in  zooplankton s tu d ie s . I t  i s  suggested
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th e re fo re  th a t  in  subsequent s tu d ie s  concerning zooplankton abundance, 

more a t te n t io n  b e  accorded to  th e  sm alle r zooplankton forms ( i . e .  raicro- 

zooplankton) such as d i l a t e s ,  r o t i f e r s  and m ic ro f la g e lla te s .

The o b serv a tio n  th a t  b o th  u rea  and ammonia a s s im ila tio n  a re  

l i g h t  dependent (Webb and Haas, 1975) su g g ests  th a t  during  th e  periods 

o f th is  study, th e  York R iver phytoplankton were no t n u t r ie n t  s ta rv e d . 

However, th is  s tu d y  does r a i s e  some p o te n t ia l ly  in te re s t in g  questions 

concerning th e  in te ra c t io n  betw een phytoplankton physiology and n u tr ie n t  

a v a i la b i l i ty .  For example, do th e  phytoplankton r e ta in  th e  cap ac ity  

to  a s s im ila te  ammonia and u rea  throughout th e  l ig h t  period  or i s  t h i s  

c a p a b il i ty  r e s t r i c t e d  to  only a p a r t ic u la r  p a r t  o f th e  day? Are th e  

tem poral c h a ra c te r is t ic s  o f n u t r ie n t  a s s im ila tio n  c ap ac ity  s im ila r  fo r  

th e  more abundant species o r does i t  vary  w idely from one species to  

ano ther (S tre ss  and Pemrick, 1974)? To what ex ten t a re  th e  p rocesses 

o f c e l lu la r  d iv is io n  and peak afte rn o o n  a s s im ila tio n  r a t io s  dependent 

upon an adequate supply of n u tr ie n ts  o r  a re  th ese  p h y s io lo g ica l p rocesses 

la rg e ly  endogenous in  na tu re  (S tro s s ,  Chisholm and Downing, 1973)? 

S ev era l s tu d ie s  have in d ica ted  th a t  th e  a s s im ila tio n  and red u c tio n  of 

n i t r a t e  by phytoplankton i s  in h ib ite d  by co n cen tra tio n s  o f ammonia 

exceeding about 1 .0  pg -at N I - -*" (McCarthy and T ay lo r, 1974; Pomeroy, 

1970). Considering the  d a lly  range of ammonia co n cen tra tio n s  observed 

in  th e  lower York R iver (0 .5  -  4 .0  P g -a t N 1” ^ on 1 October) and th e  

s h o r t term n a tu re  o f i t s  c y c l ic  v a r ia t io n ,  i t  would be in te re s t in g  to  

know i f  the c a p a b il i ty  of th e  phytoplankton to  u t i l i z e  n i t r a t e  i s  turned 

"on and o ff"  on such a sh o rt tim e s c a le . F u rth e r re sea rch  p e r ta in in g  

to  th ese  q u es tio n s  might conceivably  e lu c id a te  mechanisms o f com petitive 

in te ra c t io n  betw een phytoplankton in  th i s  ecosystem. One experim ental
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approach might be to  n o te  th e  ap p ro p ria te  p h y s io lo g ic a l response o f th e  

phytoplankton under a lte re d  n u tr ie n t  co n d itio n s  produced e i th e r  by 

is o la t in g  the  phytoplankton from the  environment a t  c e r ta in  tim es of 

th e  day o r by n u tr ie n t  a d d itio n s  to  phytoplankton samples a t  a p p ro p ria te  

times o f  the  day.

Hydrographic co n d itio n s  in  th e  York R iver a re  unique, and t h e i r  

e f f e c t  on prim ary p ro duction , through th e  p rocess of sun and shade 

a d a p ta tio n , has been no ted . However, o th e r  q u es tio n s  a re  ra is e d  con

cern ing  th e  e f f e c t  of th is  v a r ia b le  but p re d ic ta b le  hydrographic cycle  

on th e  phytoplankton community. The r e s u l t s  of t h i s  study in d ic a te  

th a t  p e rio d s  of in ten se  s t r a t i f i c a t i o n  do no t r e s u l t  in  g re a t ly  increased  

le v e ls  of ch lo ro p h y ll as has been rep o rted  fo r  o th e r e s tu a r ie s  (Welch,

1969; G ilm artin ,- 1964) and c o a s ta l  a reas (Gran and Braarud, 1935; R iley ,

1952), d e s p ite  r e la t iv e ly  high Pmax v a lu e s , compared to  p erio d s  of 

v e r t i c a l  homogeneity. O ther re g u la to ry  mechanisms (grazing?) a re  

ap p aren tly  l im itin g  th e  accum ulation of phytoplankton biomass under what 

appear to  be fav o rab le  hydrographic co n d itio n s  fo r  a bloom. Although no 

red  t id e s  were observed during  any of th e  e ig h t s ta t io n s ,  they fre q u e n tly  

occur in  the  lower reaches o f th e  t r ib u ta r ie s  o f the  Chesapeake Bay. I t  

i s  p o s s ib le  th a t  th e  sudden occurrence and d is s ip a t io n  of red  t id e  con

d i t io n s  in  th e se  t r ib u ta r i e s  i s  r e la te d  to  th e  observed cycle  of s t r a 

t i f i c a t i o n  and mixing in  th e se  e s tu a r ie s .

The cycle  of s t r a t i f i c a t i o n  and mixing may a lso  p lay  a ro le  

bo th  in  re g u la tin g  the  a v a i l a b i l i ty  of n u t r ie n ts  to  the euphotic  zone 

and th e  process o f sp ec ies  succession  in  th ese  e s tu a r ie s .  Under s t r a t i f i e d  

c o n d itio n s , n u tr ie n ts  reg en era ted  in  th e  sedim ents cannot reach  the  

su rface  w a te rs , and might be expected to  b u ild  up in  th e  deeper w a te rs .
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Under anaerob ic  c o n d itio n s , which fre q u e n tly  occur in  th e  summer 

(Jo rd a n , 1974), onem ight expect a  buildup of ammonia in  th e  bottom 

w a te rs  (G e lin , 1975). during  subsequent p e r io d s  o f m ixing th e se  

n u t r ie n ts  may be mixed in to  th e  eupho tic  zone and made a v a ila b le  fo r  

p h o to sy n th e s is . Follow ing a  p e rio d  of v e r t i c a l  hom ogeneity, s t r a t i 

f ic a t io n  i s  reim posed by th e  in tru s io n  of h igh  s a l i n i t y  ocean w a te r 

a long  th e  bottom  of th e  e s tu a ry . New sp ec ies  o f phytoplankton  may 

b e  brought in  to  th e  e s tu a ry  in  t h i s  h igh s a l i n i t y  w a te r , b u t do no t 

become ap p aren t u n t i l  a p e rio d  o f v e r t i c a l  m ixing in tro d u ce s  them in to  

th e  euphotic  zone. In  t h i s  manner, th e  appearance o f new sp ec ie s  may 

b e  re g u la te d  by th e  p rocesses o f s t r a t i f i c a t i o n  and m ixing.

A d i s t i n c t  advantage in  studying th e  in te r a c t io n  between 

hydrography and b io lo g y  in  th e  low er York R iv e r i s  th e  in h e re n t p re 

d i c t a b i l i t y  o f th e  s tr a t i f ic a t io n - m ix in g  p ro c e ss . As r e s u l t ,  s tu d ie s  

can be planned to  in c lu d e  one o r th e  o th e r o r  bo th  hydrograph ic con

d i t io n s  and th e  p a s t h is to ry  of th e  b io ta  can be surm ised. Few, i f  

any , o th e r  m arine ecosystem s can o f f e r  such d iv e rg en t hydrographic 

c o n d itio n s  o v er so sh o rt a tim e p e rio d , w ith  th e  added advantage of 

p r e d i c t a b i l i t y ,  as th e  York R iver.

The n u t r i t i o n a l  s tu d ie s  w ith  th e  non-pigm ented m ic ro f la g e l la te s  

in d ic a te  t h a t  d e s p ite  t h e i r  o b l ig a te ly  h e te ro tro p h ic  n a tu re ,  they 

ap p a ren tly  do no t compete w ith  b a c te r ia  f o r  d isso lv ed  o rgan ic  carbon 

(pathway 5b , F ig . 1 . ,  In tro d u c tio n ) , R a th e r, th ese  organism s appear 

to  be a l i k e ly  pathway by which carbon, n itro g e n  and phosphorus con ta ined  

in  b a c te r ia l  biom ass i s  made a v a ila b le  to  h ig h e r  tro p h ic  le v e ls  of th e  

food web (9 a , F ig , 1 ) . Two a re a s  o f f u r th e r  re se a rc h  a re  im m ediately 

ap p aren t. The f i r s t  i s  to  develop s u i ta b le  techn iques to  q u an tify  in



139

s i t u  r a te s  o f  b a c te r ia l  g raz in g  by m ic ro f la g e l la te s .  The second is  to  

in v e s t ig a te  th e  p o te n t ia l ly  s ig n i f ic a n t  ro le  th e se  organism s m ight p la y  

in  th e  re g e n e ra tio n  of n itro g en o u s n u t r ie n t s  in  th e  p lank ton  ecosystem  

(2 a , F ig . 1 ) .

The purpose o f  t h i s  study was to  id e n t i f y  and q u a n tify  the 

b a s ic  param eters  o f th e  low er York R iv e r  p lank ton  community. R e la tiv e  

success was achieved in  e lu c id a tin g  th e  dominant phytop lankton  component, 

some of th e  prim ary pathways of energy flow and n u t r ie n t  f lu x ,  and th e  

m ajor b io lo g ic a l  and p h y s ic a l f a c to rs  re g u la tin g  t h i s  community. A 

p re d ic t iv e  c a p a b i l i ty  v i s - va -v is  m an 's continued impingement on and 

a l t e r a t io n  o f  t h i s  environm ent i s  p ro b ab ly  s t i l l  n o t p o s s ib le , and w i l l  

probably n o t be  a r e a l i t y  u n t i l  in te r a c t io n  among a l l  tro p h ic  le v e ls  i s  

considered .

The perhaps in e v i ta b le  r e s u l t  of t h i s  s tu d y  was to  r a i s e  more 

q u estio n s  th a n  were answ ered. However, i t  does in d ic a te  th a t  th e  b io 

lo g ic a l  c h a r a c te r i s t i c s  o f th e  low er York R iver p lank ton  community a r e  

amenable to  in te n s iv e  s h o r t  term s tu d ie s ,  and i t  i s  hoped th a t  as  a 

r e s u l t ,  a d d i t io n a l  and more d e ta i le d  in v e s t ig a t io n s  w i l l  tak e  p lace .
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S a l in i ty  and t id e  d a ta  from th e  lower York 

and Rappahannock R ivers fo r  1974.
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Table B2. Environm ental d a ta  f o r  th e  low er York R iv er fo r  

1974. D ate, time and depth  of sample c o l le c t io n  

a re  shown. V ariab les  in c lu d e  s a l i n i t y ,  tem pera tu re , 

d isso lv ed  oxygen, l i g h t  tra n sm itta n c e  and ch lo ro p h y ll 

"a" f o r  bo th  the t o t a l  and nannoplankton (<15ym).



1 6 8

L ig h t C h lo rophy ll a 
Time Depth S a l in i ty  Temp D isso lved  Oxygen T rans. (Vg/1) 
(EST) (m) (o/oo) (°C) (ma/1) (% s a t)  (%) T o ta l <15 urn

11 February 1974

0600 0 .5 - - 7.99 3.64
1 17.01 5 .0 10.6 93 5.07 2.87
2 17.01 5 .0 4.97 2.77
4 17.01 5 .5 2.31 3.84
6 17.00 5 .5
8 17.00 5 .7

10 17.17 5.5 10.5 93
12 17.37 4 .0
14 17.84 5 .1
16 18.75 4.5
18 19.00 5 .1 9.6 95

0800 0 .5 - - 2.70 3.65
1 16.99 5 .8 10.3 91 4 .10 3.96
2 16.94 6 .0 6.80 3.41
4 16.94 6 .0 5.08 3.02
6 16.90 6 .0
8 17.00 6 .0

10 17.12 6 .0 10.6 96
12 17.18 6 .0
14 17.33 6 .0
16 17.37 6 .0
17 17.56 6 .0 10.7 96

1000 0 .5 - - 72 4.86 3.81
1 17.10 7 .0 10.7 99 52 7.34 4.09
2 17.08 7.0 27 8.64 3.79
4 16.25 6 .5 7 .0 5.72 3.61
6 16.32 6 .0
8 17.08 6 .0

10 17.12 6 .0 10.6 95
12 17.12 6 .0
14 17.34 6 .0
16 17.78 6 .0 10.5 95

1200 0 .5 - - 81 5.29 3.42
1 17.17 7.0 10.7 99 65 5.62 3.33
2 17.15 6 .0 42 5.51 3.54
4 17.16 6 .0 18 7.02 4.22
6 17.16 6 .0
8 17.15 5 .8

10 17.15 5 .5 10.6 94
12 17.17 6 .0
14 17.19 5.5
16 17.46 6 .0
17 17.63 6 .0 10.5 95



1 6 9

1400 0.5 — — 71 5.51 3.63
1 17.22 6.0 10.8 98 50 7.67 3.50
2 17.23 6 .5 25 10.66 3.21
4 17.23 6.5 6.0 8.21 2.66
6 17.23 6.0
8 17.23 6.0

10 17.23 6.5 10.8 99
12 17.52 6.5
14 17.56 6.5
16 17.91 6.0 10.1 91

1600 0 .5 - — 66 8.96 2.91
1 17.32 6 .0 11.2 100 44 6.05 3.04
2 17.30 6 .0 19 7.99 3.04
4 17.29 6 .0 4 .0 5.94 2.87
6 17.29 6 .0
8 17.28 6 .0

10 17.30 6.0 10.7 96
12 17.54 6.0
14 18.35 6 .0
16 18.61 6.0 10.4 94

1800 1 17.11 2.0 11.2 91 8.93 4.22
2 17.13 2.0
4 17.13 5 .0 3.78 3.46
6 17.13 5 .0
8 17.13 5 .0

10 17.14 5.5 9 .8 87
12 17.22 5.5
14 19.59 5 .2
16 19.65 5 .0
18 20.74 5.5 9 .7 88

2000 1 17.06 4 .0 7 .8 66 3.56 3.71
2 16.98 3 .0
4 16.99 5 .0 8.42 3.63
6 16.97 5 .0
8 17.04 4.0

10 17,02 5 .0 10.7 94
12 18.62 5.0
14 18.88 5.0
16 18.93 5 .0
18 19.64 5.0 9 .7 86
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2200

2400

0200

0400

1 17.08 5 .0 10.2 89 7.24 2.95
2 16.89 2.0
4 17.03 5 .0 5.83 4 .14
6 17.03 4.0
8 17.89 5 .0

10 18.05 5 .0 8 .4 74
12 18.79 2.0
14 19.16 6 .0
16 19.59 5 .0
18 20.54 4 .0 9 .3 80

12 February 1974

1 * 17.18 4 .0 8 .5 73 7.00 3.92
2 17.08 5 .0
4 17.08 5 .0 9.07 3.97
6 17.11 5 .0
8 17.22 5 .0

10 17.26 5 .0 10.7 94
12 18.29 5 .0
14 18.37 4 .8
16 20.50 5 .0
18 23.01 5 .0 8 .9 81

1 17.23 5 .0 10.8 95 2.70 4.47
2 17.20 5 .0
4 17.20 5 .8 3.89 3.96
6 17.21 5 .0
8 17.33 5 .2

10 17.46 5 .5 10.6 94
12 18.21 4.0
14 18.71 4 .0
16 19.62 5 .0
18 .22.33 5.5 10.3 94

1 17.17 6 .0 10.5 94 3.67 3.21
2 17.05 5 .0
4 16.96 5 .0 6.91 3.97
6 17.07 5 .0
8 17.22 6.0

10 17.41 6 .0 10.5 94
12 19.16 5 .0
14 18.18 6.0
16 21.06 5.5
18 22.40 5.5 9 .6 88

i



1 7 1

0600 1 16.85 2.5 11.2 92
2 16.75 5 .0
4 16.73 5 .0
6 16.72 5 .0
8 16.71 5 .0

10 17.29 6 .0 10.9 98
12 17.90 5 .0
14 20.32 5 .0
16 21.88 5 .0 9 .0 81

11.52 2.45

11.81 3.88
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L ight C hlorophyll a 
Time Depth S a lin i ty  Temp D issolved Oxygen Trans. (yg/1) 
(EST) (m) (o/oo) (*0) (mg/1) (% s a t)  (%) T o ta l <15 um

16 A p ril 1974

0500 0.5 15.65 - - 7.43 5.57
1 15.58 - - 7.60 4.98
2 15.74 - - 7.17 5.36
4 15.71 - - 7.26 5.19
6
8

10 18.37 - -
12
14
16
18
20B 27.24 — _

0700 0.5 15.76 13.5 9.85 104 55 6.03 5.11
1 15.63 13.5 9.97 105 36 8.27 5.11
2 15.83 13.5 9.89 104 20 7.60 5.32
4 16.66 13.5 9.95 105 5.7 8.19 5.65
6 0 .4
8

10 18.57 12.5 9.25 97
12
14
16
18
20B 24.94 10.5 7.56 79

0800 0.5 37 5.74 3.80
1 14.86 14.0 28 5.70 4.09
2 14.6 6.67 4.94
4 15.86 13.5 3.9 7.85 -
6 1.2
8 .3

10 20.98 11.0
12
14
16
18
20B 26.81 10.5

0900 0.5 14.99 14.0 9.95 105 59 7.43 4.43
1 14.77 14.2 9.79 104 40 6.41 4.01
2 14.81 14.2 9.85 104 16.6 8.02 4.64
4 15.08 13.7 9.27 97 4.2 9.54 7.34
6
8 1

10 19.45 11.1 8.06 82
12
14
16
18
20B 26.71 10.5 7.64 81
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1100

1300

1400

1500

0 .5 15.48 14.5 10.25 111 57 7.93 5.74
1 15.30 14.5 10.39 112 37 7.60 6.16
2 15.33 14.2 10.07 107 18.8 9 .20 7.60
4 15.37 14.0 9.83 105 3 .5 17.22 9.45
6 .8
8 .2

10 18.21 12.0 8.28 86
12
14
16
18
20B 27.21 11.0 7.34 81

0 .5 14.53 15.5 10.94 120 53 10.47 7.17
1 14.30 15.0 10.94 118 36 13.00 10.46
2 14.93 14.8 11.14 120 14 17.22 10.80
4 15.15 14.0 10.49 111 2.5 17.22 9.96
6 .7
8 .2

10 18.82 12.0 8.86 92
12
14
16 ,
18
20B 27.18 10.5 7.72 82

0.5 53
1 14.62 15.3 35 9 .96 -

2 15.8
4 16.97 13.5 1.8 12.91 -

6 .6
8 .2

10 19.23 12.3
12
14
16
18
20B 26.92 10.9

0 .5 14.23 16.0 11.16 123 49 7.85 3.71
1 14.15 15.7 11.44 125 35 8.36 5.23
2 14.41 15.3 11.82 128 14 9 .62 5.15
4 14.77 14.0 9.47 100 1.8 15.95 7.09
6 .5
8 .1

10 19.59 12.0 7.82 82
12
14
16
18
20B 27.06 10.5 7.32 77



1 7 4

1 7 0 0

1900

2000

2100

0.5 14.24 15 .0 11.04
1 14.33 15 .0 11.02
2 14.22 14 .5 11.02
4 16.07 14 .0 10.65
6
8

10 17.58 1 3 .0 9.25
12
14
16
18
20B 26.64 - 7.28

0 .5
1 16.13 14 .8 10.84
2
4 14.56 13 .8 10.21
6
8

10 16.36 12 .0 8.56
12
14
16
18
20B 19.98 10.5 7.58

0 ,5
1 14.30 14.6
2
4 14.91 13 .8
6
8

10 20.06 11 .8
12
14
16
18
20B 26.74 10 .8

0 .5
1 14.77 14.77 10.55
2
4 15.69 15.69 10.77
6
8

10 19.03 19.03 8.78
12
14
16
18
20B 20.47 20.47 7.16

119 54 8.86 4 .81
119 36 9.96 5 .82
107 14.8 9.12 5 .23
114 3.3 15.70 6.50

1.0
. 2

97

77

56
117 40 7.60 4 .52

14.7
1°7 4 17.85 8.19

.8 

.3
88

77

4.64 4 .13

10.46 6.67

113 5.99 4 .05

115 9 .12  5 .65

9 1



1 7 5

2300

0200

0300

0500

0 .5
1
2
4
6
8

10
12
14
16
18
20B

0.5
1
2
4
6
8

10
12
14
16
18
20B

0.5
1
2
4
6
8

10
12
14
16
18
20B

0.5
1
2
4
6
8

10
12
14
16
18
20B

13,93 15.0 10.53 113

17.17 13.0 10.15 107

18.91 11.0 7.46 76

27.07 10.5 7.46 79
17 A p ril 1974 

13.40 14.5 10.57 112

16.68 13.5 10.27 108

25.50 10.5 7.68

26.90 10.5 6 .90

22 .p0 11.0 7.50

27.20 10.5 7.90

22.16 11.5 7.78

81

73

13.49 14.5 10.56 U 2

16.39 13.5 10.38 110

78

84

16.37 14.0 10.24 109

21.48 13 .8  10.22 H 2

81

27.34 10.5 6.94 74

4.90 3.54

20.68 9 .28

4.22 3.12

28.70 12.41

4.47 3.29

11.4 6.58

7.68 5.61

1 0 . 5 0  9 . 9 6



1 7 6

0800 0 .5
1
2
4
6
8

10
12
14
16
18
20B

15.11 14.2 10.60 113

16.22 14.1 10.40 H 2

5.23 4 .90

7.73 6.35

20.85 12.0 8 .00 84

27.37 10.8 7 .08 75
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Time
(EST)

Depth
(m)

S a l in i ty
(o/oo)

Temp
( °c)

D issolved Oxygen 
(mg/1) (% s a t)

L ight
Trans.

(%)

C hlorophyll a 
(Ug/1) 

T o ta l <15 lJn

21. May 1974

0500 0.5 16.74 20.5 8.55 105 9.28 4.52
1 16.73 20.5 8.33 102 10.38 3.80
2 16.73 20.5 8.61 106 10.80 3.12
4 16.73 20.5 8.51 104 10.47 3.33

10 18.29 19.5 5.88 71
18 22.48 16.1 2.83 33

0700 0.5 16.51 20.1 8.63 105 43 13.80 4.98
1 16.50 20.5 8.61 106 30 11.27 4.18
2 16.51 20.5 8.26 104 13 11.14 2.77
4 16.53 20.5 8.73 107 2 .3 11.27 4.56

10 17.98 19.5 6.24 75
18 22.70 16.1 2.51 29

0900 0.5 16.44 20.1 8.63 105 46 11.48 4.43
1 16.41 20.2 8.97 109 33 12.15 4.35
2 16.35 20.1 9.50 116 11 13.25 4.64
4 16.39 20.1 9.05 110 2.0 12.15 5.06

10 16.82 19.5 7.92 95
18 22.91 16.1 2.49 29

1100 0.5 16.40 20.3 9.23 112 53 12.53 6.54
1 16.17 20.7 9.21 113 40 11.27 5.91
2 16.20 20.8 9.25 114 18 12.66 5.28
4 16.17 20.0 9.21 112 3 .8 14.18 7.51

10 18.18 19.2 6.06 73
18 21.28 17.0 2.85 33

1300 0.5 16.39 21.0 9.32 115 40 11.39 4.52
1 16.39 21.0 10.51 130 34 12.15 4.81
2 16.52 20.5 9.21 113 20 7.43 5.32
4 16.67 20.3 8.67 106 3 .4 11.39 4.60

10 18.28 19.0 5.29 66
18 22.15 16.3 2.37 27

1500 0.5 16.66 21.0 9.31 115 46 13.67 6.16
1 16.63 21.0 9.19 114 34 11.77 5.36
2 16.71 21.0 9.36 116 19 11.14 5.53
4 16.65 21.0 9.32 115 4 .1 12.41 7.60

10 18.26 19.5 5.31 64
18 23.04 16.4 2.29 27

1700 0.5 16.25 21.0 9.31 115 52 8.74 3.86
1 16.73 21.0 9.19 114 30 9.92 3.70
2 16.73 21.0 9.32 115 13 7.85 2.75
4 16.73 21.0 9.72 120 2.6 5.87 5.11

10 18.04 19.6 9.35 113
18 21.85 17.0 2.81 33



1
2
4
6
8

10
12
14
16

1
2
4
6
8

10
18

1
2
4
6
8

10

1
2
4
6
8

10
12

1
2
4
6
8

10

178

16.27 20.7 9.66 118 35 10.08 3.63
16.31 20.7 9.99 123 15
16.37 20.7 9.88 121 3.3 9.12 3.58
16.41 20.8 9.70 119 0.6
16.45 20.9 9.54 117
16.60 20.6 9.05 111
20.85 17.5 3.66 43
21.68 17.0 2.71 32
22.60 16.8 2.28 26

16.18 20.2 9.25 112 11.70 3.12
16.17 20.2 9.60 116
16.18 20.2 9.25 112 10.28 3.26
16.17 20.2 9.82 119
16.18 20.2 9.19 111
19.43 18.3 4.75 56
19.47 18.1 4.65 55

15.82 20.1 9.70 117 11.39 5.44
15.90 20.1 9.50 114
16.04 20.0 9.32 112 10.94 4.51
16.13 19.9 9.25 111
17.45 20.0 7.78 94
17.91 19.4 6.43 77

22 May 1974

16.23 20.1 9.27 112 10.63 5.40
16.25 20.1 9.36 114
16.32 20.1 8.97 109 11.01 5.02
16.54 20.1 8.51 103
17.02 20.1 7.62 93
17.74 19.9 6.02 73
19.14 19.0 4.67 56

16.61 20.2 8.49 103 11.14 4.52
16.62 20.2 8.61 105
17.41 20.2 6.47 78 11.90 7.09
17.61 19.9 6.10 74
17.92 19.5 5.17 62
18.17 19.0 5.05 60



L ig h t C hlorophyll a 
Time Depth S a l in i ty  Temp D issolved Oxygen T rans. (Vg/1) 
(EST) (m) (o/oo) (°C) (mg/1) (% s a t)  (%) T o ta l <15 um

0400

0600

0800

18 June 1974

0.5 17.17 23.8 7.94 104 8.27 4.52
1 17.29 23.3 7.16 94 9.96 5.78
2 17.24 23.3 7.26 95 9.62 5.65
4 17.22 23.3 7.14 93 9.28 5.36
6 17.61 23.4 6.55 86
8 23.30 21.7 2.07 27

10 24.72 21.3 1.61 21
12 25.74 21.1 1.41 18
14 26.19 21.0 1.51 19
16 26.35 21.0 1.31 17

175B 26.60 21.0 1.27 17

0.5 17.16 23.8 7.84 101 61 6.16 4.47
1 17.16 23.8 7.82 101 43 7.09 4.71
2 17.19 23.8 7.76 100 15 5.99 4.68
4 17.18 23.4 7.78 100 3.3 7.60 4.19
6 17.59 23.2 6.53 84 0 .5
8 19.60 22.7 4.22 54

10 21.05 22.0 3.12 40
12 24.95 21.1 3.72 48
14 25.59 21.0 1.61 21
16 26.38 21.0 1.45 19
18 26.71 21.0 1.29 17
19B 26.69 21.0 1.41 18

0.5 17.28 23.8 7.98 104 54 6.58 5.74
1 17.19 23.5 7.94 104 36 8.62 6.41
2 17.19 23.5 7.92 103 13 8.61 5.91
4 17.20 23.5 7.94 104 2.5 8.69 7.51
6 17.56 23.5 6.63 86 0 .6
8 18.55 23.1 5.33 69

10 19.43 22.8 4.22 55
12 25.06 21.1 1.51 20
14 25.51 21.0 1.53 20
16 26.50 21.0 1.41 18
18 26.56 21.0 1.27 16

195B 26.72 21.0 1.21 16



180

1000 0 .5 17.24 24.5 8 .44 111 44 7.85 5.91
1 17.12 24.5 8 .06 106 31 8.27 6.67
2 17.24 24.2 8 .2 4 108 14 9.71 6.33
4 17.28 24.0 7 .40 97 2 .3 9.54 7.34
6 17.72 23.9 6 .35 84 0 .5
8 18.93 23.4 4 .5 4 59

10 22.24 22.2 2 .53 33
12 25.36 21.3 1 .3 7 18
14 25.83 21.2 1 .41 18
16 26.31 21.1 1 .2 1 16
18 26.45 21.0 1.27 16

195B 26.56 21.0 1 .4 1 18

1200 0.5 17.28 24.9 8 .72 116 52 8.44 6.03
1 17.26 24.8 8 .6 1 115 36 11.39 6.08
2 17.29 24.5 8 .84 118 17 10.55 5.65
4 17.32 24.2 8 .3 2 111 2.7 10.13 6.20
6 17.29 24.0 7 .34 98 0 .5
8 17.94 23.5 7 .08 92

10 23.87 21.9 1 .90 25
12 25.40 21.5 1 .41 18
14 26.15 21.0 1 .2 1 16
16 26.18 21.0 1 .23 15
18B 26.30 1 .56 20

1400 0.5 17.33 24.8 41 12.49 12.41
1 17.33 24.7 8 .34 111 28 11.65 13.08
2 17.34 24.1 8 .16 109 9 .0 12.91 11.65
4 17.62 23.9 6 .75 89 1 .3 15.57 9.45
6 18.72 23.3 0 .2
8 22.29 22.3

10 25.28 21.1 1 .4 1 18
12 26.17 21.0
14 26.26 21.0
16 26.27 21.0
18 26.57 21.0
19B 26.58 20.9 1 .18 15

1600 0 .5 17.38 24.8 39 11.48 7.93
1 17.38 24.8 8 .86 119 20 11.65 9.28
2 17.36 24.8 9 .00 121 6 .5 10.63 7.60
4 17.35 24.2 8.66 116 1 .2 8.52 6.37
6 17.85 24.0 0 .1
8 19.74 23.2

10 24.07 21.8 1 .67 22
12 24.83 21.3
14 25.79 21.0
16 26.15 21.0

185B 26.22 21.0 1.00 13



1 8 1

1800 0 .5 17.53 24.0 59 8.02 5.49
1 17.33 24.8 9.35 126 38 8.36 5.44
2 17.32 24.8 8.76 118 17 7.25 4.39
4 17.31 24.8 8.74 118 5.0 8.36 5.15
6 17.38 24.3 0.9
8 17.59 24.0

10 19.26 23.2 4.26 56
12 19.50 23.0
14 22.31 22.5
16 22.44 22.0
17B 25.45 21.5 1.31 17

2000 0 .5 17.56 24.1
1 17.42 24.1 8.62 113 4.73 3.33
2 17.36 24.1 8.64 114
4 17.36 24.1 8.60 113 4.98 3.12
6 17.99 23.5
8 18.10 23.5

10 18.20 23.2 5.73 75
12 23.92 22.1
14 24.75 21.5
16 25.93 21.1
18B 26.17 21.1 1.37 18

2200 0 .5 17.40 24.1
1 17.35 24.1 8.72 115 4.43 3.46
2 17.37 24.1 8.34 110
4 17.69 24.0 7.27 96 6.46 4.77
6 17.69 23.8
8 17.92 23.8

10 23.05 22.0 2.58 34
12 24.01 21.5
14 25.20 21.2
16 25.75 21.1

1 8 .5B 25.97 21.0 1.5 20

2400 0 .5 17.56 24.0
1 17.38 24.0 8.34 110 5.36 4.01
2 17.37 24.0 8.24 108
4 17.47 24.0 7.74 102 6.20 4.26
6 17.70 23.9
8 18.52 23.3

10 20.84 22.5 3.22 42
12 22.50 22.0
14 23.88 21.7
16 25.71 21.2
18.5 25.75 21.1 1.33 17
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0 2 0 0

0400

0600

0800

19 June 1974

0 .5 17.34 23.5
1 17.33 24.0 8.28 109
2 17.33 24.0 8.54 113
4 17.34 24.0 8.34 110
6 18.55 24.0
8 19.80 24.0

10 22.58 22.0 2.51 33
12 24.28 21.9
14 25.30 21.4
16 25.63 21.1
18B 25.64 21.1 1.21 16

0 .5 17.39 24.0
1 17.38 24.0 7.84 104
2 17.38 24.0 8.04 106
4 18.16 23.9 6.63 88
6 18.24 23.5
8 20.86 22.7

10 23.98 21.4 1.55 20
12 25.00 21.2
14 25.33 21.1
16B 25.66 21.1 1.12 14

0 .5 17.64 24.0
1 17.44 24.0 7.74 102
2 17.49 23.9
4 17.54 23.8 7.34 97
6 17.55 23.8
8 17.65 23.7

10 17.97 22.2 2.81 36
12 21.89 21.9
14 23.26 21.5
16 24.70 21.5
18 25.04 21.3
19B 25.29 21.2 1 .31 17

0 .5 17.46 24.0 47
1 17.44 24.0 8.26 109 35
2 17.46 23.9 17
4 17.63 23.9 7.34 96 3
6 17.65 23.9 0
8 17.89 23.8

10 18.93 23.1 4.92 65
12 23.89 21.8
14 24.36 21.8
16 25.55 21.2
18 25.69 21.2

1 9 .5B 25.79 21.2 0.88 12

4 .90  3.54

5 .11  4.01

6.25 5.15

8.36 5 .61

7.76 5.49

9 .20  7.26

6.25 4 .52

4.26 5.65



1 8 3

1000 0.5 17.50 25.0 49 5.78 4.68
1 17.50 24.8 7.65 103 34 7.60 5.44
2 17.49 24.8 13 7.01 5.23
4 17.54 24.2 7.59 102 3.1 8.36 5.74
6 17.55 24.0 0.6
8 17.65 24.0

10 21.21 23.0 5.12 68
12 23.25 22.2
14 24.72 21.8
16 25.43 21.2
18 25.56 21.2
19B 25.77 21.2 0.99 13

1200 0.5 17.50 25.0 52
1 • 17.49 25.0 7.74 101 33 7.34 5.07
2 17.53 24.2 15
4 17.62 24.0 5.76 77 2.7 9.79 6.16
6 17.75 24.0
8 18.45 23.8

10 20.57 22.8 3.48 47
12 23.32 22.2
14 24.41 21.8
16 25.36 21.4
18B 25.40 21.4 1.13 15

1400 0.5 17.61 21.7 39
1 17.57 21.7 7.65 96 20 11.56 7.60
2 17.54 21.7 7.3
4 17.55 21.8 6.00 76 1.2 10.72 8.10
6 18.14 21.2 0 .1
8 19.11 21.0

10 21.57 20.1 2.38 30
12 23.52 19.9
14 25.21 19.1
15B 24.54 19.1



1 8 4

L ight C hlorophyll a 
Time Depth S a l in i ty  Temp D issolved Oxygen Trans. (]ig /l)
(EST) (m) (o/oo) (°C) (mg/1) (% s a t)  (X) T o ta l <15 urn

0400

0600

0800

1 0 0 0

23 Ju ly  1974

0.5 20.43 24.5 5 .5 75 15.70 12.41
1 20.43 25.0 5 .5 75 16.84 10.38
2 20.41 25.0 5 .7 78 16.84 12.07
4 20.40 25.0 5 .8 79 16.08 11.82
6 20.83 25.1 5 .4 74
8 20.54 25.1 5 .2 71

10 20.65 25.1 4 .1 56
12 20.62 25.1 4 .1 56
14 20.64 25.2 3 .9 54
16 20.66 25.1 3 .5 48

0 .5 20.55 25.1 5 .0 69 60 11.65 10.55
1 20.52 25.2 5 .1 70 30 14.05 11.23
2 20.57 25.2 4.7 64 7.0 12.15 9.28
4 20.59 25.2 4 .6 63 0.67 11.98 9.03
6 20.61 25.2 4 .1 56 0.10
8 20.82 25.2 4 .3 59

10 20.62 25.2 4 .3 59
12 20.63 25.2 4 .2 57
14 20.65 25.2 4 .2 58
16 20.68 25.2 3.9 53

20.67 25.2 4 .2 58

0 .5 20.55 25.3 5 .3 73 45 15.57 12.49
1 20.54 25.3 28 16.58 12.32
2 20.55 25.3 5 .1 70 7.0 16.08 11.82
4 20.79 25.3 0.79 13.80 10.47
6 20.66 25.3 4.5 62
8 20.72 25.3 4 .4 60

10 20.68 25.3
12 20.65 25.3 4 .3 59
14 20.65 25.3 4 .4 60
16 20.66 25.3

20.72 25.3 4 .3 59

0 .5 20.53 25.9 5 .6 78 47 16.96 10.51
1 20.52 25.9 5 .9 82 27 14.35 12.53
2 20.52 25.9 5 .0 69 6.2 15.83 11.52
4 20.51 25.2 4 .8 66 0.74 13.29 9.71
6 20.51 25.2 5 .0 68
8 20.51 25.2 5 .0 68

10 20.49 25.2 4 .9 67
12 20.50 25.1 4.5 61
14 20.66 25.1 4 .2 57
16 20.62 25.0 3.5 48



1 8 5

1 2 0 0

1400

1600

1 8 0 0

0.5 20.31 26.0 6.6 92 46 18.23 10.51
1 20.31 26.0 6 .9 96 26 15.19 12.79
2 20.31 25.3 6.3 86 7.0 14.35 13.80
4 20.35 25.1 5.9 81 0.88 16.96 9.20
6 20.39 25.1 5 .2 71
8 20.40 25.0 5 .1 69

10 20.45 25.0 4.9 67
12 20.48 25.0 4.6 63
14 20.49 25.0 4.7 64
16 20.44 25.0 4.7 64

20.32 25,0 5 .0 68

0.5 20.15 25.9 6.7 93 43 16.88 10.13
1 20.11 25.2 6.6 90 19 17.09 10.72
2 20.13 25.1 6 .2 85 5.5 14.94 9.79
4 20.20 25.0 6 .2 84 0.42 14.81 9.28
6 20.26 25.0 5.9 84
8 20.29 25.0 6.3 86

10 20.29 25.0 6.3 86
12 20.30 25.0 5 .4 73
14 20.49 25.0
15 20.50 25.0 4.7 64

20.30 25.1 5.3 73

0.5 20.15 25.3 7.5 103 34 23.00 13.67
1 20.11 25.2 18 19.41 13.67
2 20.17 25.1 6.5 89 5.5 16.96 10.72
4 20.29 25.1 6.3 86 0.56 12.32 8.61
6 20.34 25.0 5.6 77
8 20.38 25.0 5 .2 71

10 20.47 25rf0 4.6 63
12 20.50 25.0 4.8 66
14 20.52 25.0 4.4 60
16 20.58 25.0 4.1 56

20.42 25.2 6.9

0.5 20.41 25.4 6.7 92 41 17.22 12.15
1 20.39 25.4 6.8 93 16 15.70 10.89
2 20.40 25.4 6.6 90 4.7 16.71 11.65
4 20.45 25.2 5.7 78 0.42 9.03 7.85
6 20.45 25.2 5.3 73
8 20.47 25.1 5.5 75

10 20.48 25.1 5 .3 73
12 20.57 25.1 4.6 63
14 20.54 25.1 4.2 58
16 20.60 25.1 4 .1 56



186

2000

2200

2400

0 .5 20.53 25.8 6.2 86
1 20.53 25.8 6.3 87
2 20.58 25.5 5.1 70
4 20.63 25.3 4.5 62
6 20.65 25.3 4.3 59
8 20.63 25.3 4.2 58

10 20.63 25.3 4.5 62
12 20.63 25.5 4.6 63
14 20.64 25.5 4.5 62
16 20.64 25.5 4.2 58

20.65 25.4 4.3

0 .5 20.48 25.3 6.0 82
1 20.49 25.2
2 20.52 25.2 5.7 78
4 20.48 25.2
6 20.50 25.2 5.6 76
8 20.57 25.1 4.3 59

10 20.54 25.1
12 20.53 25.1 4.5 61
14 20.53 25.1 4.8 65
16 20.56 25.1

24 Ju ly  1974

0 .5 20.23 25.0 6.1 83
1 20.20 25.0 6.3 86
2 20.24 25.0 5.8 79
4 20.30 25.0 5.6 76
6 20.30 25.1 5.9 80
8 20.34 25.1 5.6 76

10 20.30 25.1 5.3 72
12 20.33 25.1 5.2 71
14 20.38 25.1 4 .9 67
16 20.36 25.2 4.7 64

14.18 10.21 
14.31 10.47 
12.53 8.69
11.27 7.68

14.43
11.90
11.39
12.58

8.86
9.20
9.79
9.24

9.79
8.78
9.20
8.95

7.76
7.60
7.34
6.67
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0 .5 20.19 25.0 5.3 72 8.44 6.50
1 20.20 25.0 5.5 75 8.36 6.58
2 20.18 24.9 5 .4 74 8.36 6.41
4 20.18 25.0 5.5 75 9.12 6.50
6 20.19 25.0 5.5 75 ,
8 20.20 25.0 5.6 76

10 20.20 25.0 5.5 75
12 20.22 25.0 5 .4 74
14 20.26 25.0 5.0 68
16 20.34 25.1 4.9 67

0 .5 20.07 25.0 5.7 78 11.73 8.69
1 20.11 25.0 5.8 79 11.98 8.27
2 20.15 25.0 5 .8 79 10.76 8.27
4 20.25 25.0 5 .5 75 10.13 7.43
6 20.28 25.0 5 .3 72
8 20.36 25.0 4.9 67

10 20.19 25.0 5 .0 68
12 20.40 25.0 4.9 67
14 20.45 25.0 4.6 63
16 20.46 25.1 4.3 58

0 .5 20.42 25.0 5 .0 68 15.32 9.03
1 20.45 25.0 5.1 69 16.46 9.87
2 20.46 25.2 5.0 68 15.19 9.71
4 20.45 25.2 4.9 67 12.66 9.28
6 20.46 25.2 5 .0 68
8 20.46 25.2 5 .1 69

10 20.50 25.2 4 .7 64
12 20.48 25.2 4 .9 67
14 20.47 25.2 4 .6 63
16 20.48 25.2 4 .9 67

0 .5 20.54 25.1 4.7 64 11.82 8.44
1 20.55 25.1 4.7 64 11.56 7.85
2 20.52 25.2 4 .8 65 12.58 7.93
4 20.55 25.2 4.7 64 11.65 7.51
6 20.56 25.2 4.5 61
8 20.57 25.2 4.6 63

10 20.57 25.2 4.3 59
12 20.60 25.2 4.5 61
14 20.57 25.2 4 .5 61
16 20.59 25.2 4 .4 60



1 8 8

1 0 0 0

1200

1400

0.5 20.45 24.5 4 .7 64 11.23 8.44
1 20.48 24.5 4 .6 63 11.48 7.68
2 20.48 25.0 4.6 64 10.72 8.02
4 20.50 25.0 4.7 63 9.54 7.76
6 20.49 25.0 4 .6 64
8 20.52 25.0 4.7 64

10 20.53 25.1 4 .7 64
12 20.53 25.1 4 .7 64
14 20.54 25.1 4 .6 63
16 20.58 25.1 4.4 60

20.43 25.5 4 .3 *

0.5 20.30 24.9 12.28
1 20.23 24.9 5 .5 75 16.46
2 20.23 24.9 5 .6 77 17.09
4 20.22 24.9 5 .4 74 17.22
6 20.29 25.0 5 .0 68
8 20.30 25.0 4.9 67

10 20.32 25.0 4 .6 63
12 20.31 25.0 4 .5 61
14 20.33 25.0 4 .5 61
16 20.33 25.1 4.5 61

20.30 25.1

0.5 20.05 25.0 6 .1 83 18.36
1 20.04 25.0 6 .1 83 17.09
2 20.03 25.0 6 .0 82 13.17
4 20.08 25.0 5 .9 80 13.55
6 20.11 25.0 6 .0 82
8 20.10 25.0 6.1 83

10 20.15 25.0 5 .8 79
12 20.12 25.0 5.5 75
14 20.14 25.0 5 .4 73
16 20.15 25.0 5.2 71



189

1600 0 .5 20.06 25.0 5 .7 78
1 20.06 25.0 6 .1 83
2 20.07 25.0 5 .9 80
4 20.03 25.0 5.7 77
6 20.02 25.0 5.7 78
8 20.03 25.0 5 .6 76

10 20.07 25.0 5.7 78
12 20.07 25.1 5 .1 69
14 20.15 25.1 4 .9 67
16 20.26 25.1 4.7 64

14.50
13.42
13.67
14.56
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Time
(EST)

0400

0600

0800

1 0 0 0

L ig h t C hlorophyll a  
Depth S a l in i ty  Temp D issolved Oxygen T rans. Cpg/1)

(m) (o /oo) C°C) (mg/1) (% s a t)  (%) T o ta l <15 urn

21 August 1974

0.5 6 .4 87 10.47 9.28
1 20.54 25.2 7 .0 95 10.38 8.44
2 20.52 25.0 6 .8 93 10.89 9.28
4 20.52 25.1 6 .8 93 10.21 8.02
6 20.57 25.2 5 .6 77
8 20.56 25.2 5 .6 77

10 20.56 25.2 7.0 96
12 20.58 25.2 5.6 77
14 20.58 25.2 6 .2 85

0.5 9.20 6.41
1 20.47 25.1 5 .5 75 8.61 6.75
2 20.47 25.1 5.7 78 7.85 6.25
4 20.48 25.1 5 .3 72 7.51 5*65
6 20.52 25.1 5 .4 74
8 20.53 25.1 5 .4 74

10 20.55 25.1 5 .5 75
12 20.54 25.1 5 .4 74
14 20.60 25.1 5 .2 71

0.5 33 9.37 7.26
1 20.49 25.5 5 .3 73 20 9.62 6.92
2 20.49 25.5 5 .2 72 5 .0 8.95 7.76
4 20.53 25.6 5 .3 73 1 .0 9.12 6.33
6 20.54 25.6 5 .2 72 .25
8 20.57 25.6 5 .1 70

10 20.58 25.6 5 .1 70
12 20.56 25.4 5 .3 73
14 20.57 25.2 5 .2 72

0.5 7.7 106 37 11.52 8.61
1 20.58 25.9 6 .4 88 25 13.42 11.01
2 20.57 25.9 6.5 90 7.3 13.67 9.62
4 20.58 25.7 6.5 90 1 .1 11.82 9.03
6 20.59 25.7 5.9 81 .10
8 20.58 25.5 5 .6 77

10 20.60 25.5 6 .5 89
12 20.67 25.3 5 .1 70
14 20.68 25.2 6 .8 94
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0.5 10.80 7.34
1 20.66 25.9 5 .8 80 11.52 8.36
2 20.67 25.9 5 .6 77 10.97 8.36
4 20.68 25.9 5 .7 78 11.14 8.02
6 20.68 25.8 5 .6 77
8 20.69 25.5 5 .8 80

10 20.71 25.2 5 .2 72
12 20.69 25.2 5 .2 72
14 20.69 25.2 5 .3 73

0.5 45 14.48 10.38
1 20.47 25.3 6.7 92 28 17.98 15.07
2 20.48 25.2 6 .6 91 5.8 17.98 12.66
4 20.59 25.2 6.2 85 1 .0 12.66 9.79
6 20.64 25.2 6 .1 84 .10
8 20.65 25.2 6 .0 82

10 20.63 25.2 5 .8 80
12 20.63 25.2 5 .6 77
14 20.65 25.2 5 .6 77

0.5 5 .9 81 10.13 8.10
1 20.58 25.3 6.4 88 10.13 8.02
2 20.58 25.3 6 .4 88 9.03 7.01
4 20.56 25.3 6 .5 89 11.39 8.86
6 20.53 25.2 6 .2 85
8 20.53 25.2 6 .4 88

10 20.54 25.2
12 20.54 25.2 5 .9 81
14 20.60 25.2



0 .5
1
2
4
6
8

10
12
14

0.5
1
2
4
6
8

10
12
14

0.5
1
2
4
6
8

10
12
14

0 .5
1
2
4
6
8

10
12
14
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9.96 7.51
20.51 25.2 5 .7 78 10.47 7.68
20.49 25.2 5.7 78 9.79 8.02
20.50 25.2 5 .6 77 9.71 7.82
20.50 25.2 5 .8 79
20.52 25.2 5.5 75
20.52 25.2 5.7 78
20.54 25.2 5 .7 78
20.54 25.2 5 .6 77

9.28 7.60
20.46 25.2 5 .3 72 8.78 7.17
20.47 25.2 5 .7 78 9 .20 6.50
20.46 25.2 5 .5 75 9.28 6.50
20.46 25.2 5 .6 76
20.48 25.2 5 .4 74
20.47 25.2 5 .4 74
20.49 25.2 5 .9 81
20.51 25.2 5 .4 74

9.79 8.19
20.52 25.2 10.30 7.93
20.53 25.2 12.66 8.61
20.56 25.2 12.91 10.04
20.62 25.2 5 .8 79
20.58 25.2 5 .8 79
20.57 25.2
20.55 25.2 5 .8 79
20.58 25.2

22 August 1974
20.57 25.0 5 .6 76 9.54 7.76
20.57 25.0 5 .9 81 10.04 6.25
20.57 25.1 6 .2 85 9.54 6.33
20.57 25.1 5 .6 76 8.44 7.34
20.57 25.0 5 .6 77
20.58 25.1 5 .6 76
20.58 25.1 5 .5 75
20.58 25.0 5 .9 81
20.56 25.0 5 .6 76
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0 2 0 0 0.5
1 20.57 25.1 5 .4 74

7.60
7.01

2 20.57 25.1 5.6 76 7.68
4 20.57 25.1 5 .9 81 8.36
6 20.56 25.1 5 .4 74
8 20.57 25.1 5 .7 78

10 20.57 25.1 5 .4 74
12 20.58 25.1 5.7 78
14 20.59 25.1 6 .1 83

5.99
5.57
5.82
6.25

0400 0.5
1 20.56 25.1 5 .6 76

7.76
8.61

2 20.55 25.1 6.0 82 9.37
4 20.54 25.1 5 .7 78 8.01
6 20.52 25.0 6 .0 82
8 20.54 25.0 5 .8 79

10 20.54 25.0 5 .1 69
12 20.54 25.0 5.9 81
14 20.54 25.0 5 .8 79

7.68
5.49
7.34
7.34

0600 0.5
1 20.43 25.1 5 .7 78

6.84
8.27

2 20.42 25.1 5 .3 72 7.68
4 20.43 25.1 5 .3 72 8.19
6 20.44 25.1 5.7 78
8 20.46 25.1 5 .5 75

10 20.48 25.1 5 .5 75
12 20.48 25.1 4.5 61
14 20.50 25.1 5 .4 74

7.01
5.99 
5.74
5.99



194

Time
(EST)

0600

0800

1000

1 2 0 0

L igh t C hlorophyll a 
Depth S a l in i ty  Temp D issolved Oxygen T rans. Cyg/1)

(m) (o/oo) (°C) (mg/1) (% s a t)  (%) T o ta l <15 pm

1 October 1974

0 .5 20.048 17.5 6.94
1 20.096 20.5 6.85
2 20.052 20.0 7.06
4 20.074 20.0 7.14
6 20.110 20.1 6.94
8 20.358 20.2 6.98

10 23.606 20.2 5.53
12 23.754 20.3 5.12
14 24.384 20.3 4.71

0 .5 20.727 20.0 7.24
1 20.723 20.0 7.40
2 20.712 20.0 7.24
4 20.851 20.0 7.40
6 21.038 20.0 7.30
8 21.082 20.0 7.08

10 21.441 20.0 7.12
12 23.632 20.2 5.54
14 24.000 20.2 4.84

0 .5 20.998 20.6 7.72
1 21.067 20.6 7.60
2 21.067 20.5 7.62
4 21.100 20.6 7.52
6 21.177 20.2 7.70
8 21.192 20.2 7.44

10 21.779 20.2 7.74
12 22.949 20.8 6.72
14 24.429 20.8 4.60

0 .5 20.351 21.0 8.00
1 20.409 20.8 8.20
2 20.533 20.8 7.60
4 20.983 20.6 7.50
6 21.104 20.2 7.32
8 21.364 20.2 7.06

10 22.140 20.2 6.04
12 22.735 20.3 5.54
14 24.119 20.6 4.72

82 16.9 13.7
85 12.2 12.7
87 14.1 14.8
88 12.3 14.9
86
86
70
65
59

90 42 20.1 19.3
92 27 22.5 21.7
90 9 .0 26.1 20.5
92 1 .4 26.7 22.3
91
88
88
70
61

97 45 23.8 17.9
96 30 17.2 21.6
96 10 25.0 20.8
95 1 .8 27.6 25.1
97 0.2
94
97
86
59

101 49 14.3 17.2
104 33 25.0 27 .0

96 13 18.7 18.3
93 1.7 25.3 21.3
91 0 .3
88
75
70
60



195

1400

1600

1800

2000

2200

0 .5 20.252 20.2 7.60
1 20.139 20.2 7.94
2 20.219 20.2 7.70
4 20.694 20.2 6.94
6 20.994 20.2 7.42
8 21.261 20.1 7.14

10 21.871 20.1 6.56
12 23.042 20.5 5.26
14 23.743 20.5 4.66

0 .5 19.768 21.0 9.64
1 19.761 21.0 9.40
2 19.852 21.0 9.04
4 20.107 20.7 7.14
6 20.979 20.2 6.42
8 22.137 20.2 5.74

10 22.664 20.2 5.52
12 23.602 20.6 5.14
14 24.388 20.8 4.66

0 .5 19.794 19.0 9.40
1 18.823 19.0 7.82
2 19.939 18.8 8.40
4 20.566 18.8 6.68
6 21.214 18.8 7.22
8 21.478 18.8 6.78

10 21.982 18.8 6.40
12 23.038 19.2 5.40
14 23.985 19.2 4.72

0 .5 19.954 20.0 7.90
1 19.855 20.0 7.74
2 19.877 20.0 7.96
4 20.774 20.1 7.40
6 20.833 20.1 7.50
8 20.855 20.2 8.00

10 22.092 20.2 6.50
12 22.849 20.2 5.80
14 22.945 20.3 5.70

0 .5 20.453 19.9 8.41
1 20.811 20.0 7.93
2 20.902 19.8 7.46
4 21.474 20.0 7.13
6 21.802 20.0 6.83
8 21.897 20.0 6.85

10 21.897 20.0 6.73
12 22.328 20.0 6.18
14 22.709 20.0 5.40

94 53 20.6 19.8
99 31 18.5 18.9
95 8.3 11.4 15.2
87 1.2 13.5 9 .5
93 0 .2
89
82
66
59

121 29 21.3 24.5
118 15 27.6 18.5
114 5.4 20.2 18.7

90 0 .5 16.8 14.0
80
71
69
65
60

114 40 25.3 14.4
98 23 18.7 19.1

102 6.6 21.7 20.5
81 1 .0 15.3 12.3
88 0.1
83
78
67
59

98 12.4 11.7
96 13.8 13.0
98 14.9 12.8
92 10.9 14.9
93
99
82
73
72

105 21.31 21.02
98 25.92 22.60
93 23.90 20.16
88 21.16 19.15
85
85
84
77
67



196

2400

0200

0400

0600

2 October 1974

0 .5 20.694 19.8 7.70 96 19.41 15.53
1 20.661 19.9 7.76 97 19.24 20.42
2 20.668 19.9 7.70 96 17.05 16.88
4 20.716 19.9 7.74 96 22.96 23.29
6 20.683 19.9 7.60 85
8 21.199 20.0 6.98 87

10 21.628 20.0 6.80 85
12 21.934 20.0 6.34 79

13.5 23.680 20.2 4.72 60

0.5 20.391 19.5 7.20 90 13.00 14.43
1 20.325 19.9 7.18 89 14.26 14.94
2 20.274 19.9 7.32 91 8.61 13.84
4 20.300 19.9 7.32 91 16.88 17.05
6 20.358 19.9 8.40 105
8 21.111 20.0 6.94 87

10 21.614 20.0 6.22 77
12 22.428 20.1 5.55 69
14 23.699 20.2 4.70 59

0 .5 20.183 19.7 7.50 93 11.22 13.75
1 20.099 19.7 8.02 99 8.01 14.01
2 20.096 19.7 7.52 93 7.00 9.70
4 20.096 19.7 7.80 96 10.88 13.08
6 20.081 19.8 7.72 95
8 21.236 20.0 6.60 82

10 21.904 20.0 6.00 75
12 23.346 20.2 4.70 59
14 24.548 20.2 4.20 53

0 .5 20.056 19.2 7.70 95 14.85 15.19
1 20.048 19.5 7.24 89 15.69 14.93
2 20.110 19.5 7.46 91 8.77 15.19
4 20.165 19.8 7.28 89 16.03 17.38
6 20.840 19.9 7.02 86
8 21.713 20.0 6.14 76

10 21.728 20.0 6.24 78
12 22.694 20.1 5.30 67
14 23.844 20.2 4.58 58



197

0800

1000

1200

1400

1600

0 .5 20.420 19.0 7.40 90 18.39 16.37
1 20.307 19.1 7.50 91 20.45 18.73
2 20.365 19.3 7.70 94 22.45 17.89
4 20.409 19.3 7.40 90 19.07 15.86
6 20.453 19.3 7.60 92
8 20.544 19.3 6.96 85

10 21.930 19.3 6.20 76
12 22.365 19.9 5.62 69
14 23.168 20.1 5 .10 64

0 .5 21.041 19.1 7.44 91 46 26.83 26.33
1 21.020 19.1 7.30 89 26 29.03 24.64
2 21.041 19.1 7.48 91 10 30.55 24.13
4 21.177 19.1 7.46 91 0 .4 27.51 22.78
6 21.287 19.3 7.44 91
8 21.555 19.3 7.30 89

10 21.665 19.4 7.08 86
12 22.421 19.9 6.14 77
14 22.945 20.1 5.14 64

0.5 21.614 19.0 7.88 96 17.55 28.02
1 21.510 19.0 7.42 91 28.52 23.80
2 21.592 19.0 7.50 92 24.64 23.46
4 21.595 19.1 7.60 93 27.51 22.78
6 21.566 19.1 7.52 92
8 21.540 19.1 7.28 89

10 21.581 19.1 7.50 92
12 21.603 19.1 7.50 92
14 21.665 19.3 7.36 90

0 .5 20.522 19.5 7.82 96 24.30 21.77
1 20.478 19.5 8.00 98 25.32 23.63
2 20.486 19.6 7.68 94 21.60 20.76
4 20.544 19.5 7.78 95 23.12 19.24
6 20.614 19.8 7.66 94
8 21.031 19.9 7.66 95

10 22.048 20.0 6.55 82
12 22.284 20.1 5.55 69
14 23.375 20.2 4.98 63

0 .5 20.271 19.1 7.92 96 51 23.52 25.70
1 20.271 18.8 8.36 102 29 24.86 22.51
2 20.263 18.8 8.40 102 8 .1 24.69 21.61
4 20.287 18.9 8.30 101 1 .2 22.17 22.00
6 20.322 19.2 8.16 99 0 .2
8 20.541 19.2 7.26 88

10 21.651 20.0 6.77 84
12 22.997 20.1 5.33 67
14 23.294 20.2 5.05 64

i
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Time
(EST)

0600

0800

1000

1 2 0 0

L igh t C hlorophyll a 
Depth S a l in i ty  Temp D issolved Oxygen T rans. (y g /l)

(m) (o/oo)  ( °C) (mg/1) (% s a t)  (X) T o ta l <15 pm

13 November 1974

0.5 22.638 15.2 8.02
1 22.627 15.8 7.84
2 22.624 15.8 9.10
4 22.631 15.8 7.82
6 22.646 15.8 8.02
8 22.638 15.8 7.92

10 22.627 15.8 8.24
12 23.427 16.0 7.80
14 23.580 16.0 7.68
15.5 23.602 16.0 7.84

0.5 22.638 15.8 7.82
1 22.642 16.0 8.02
2 22.650 16.0 7.98
4 22.661 16.0 7.62
6 22.675 16.0 8.04
8 22.683 16.0 8.22

10 22.960 16.0 8.08
12 23.357 16.0 7.64
14 23.461 16.0 7.92
15 23.446 16.0 7.50

0.5 22.779 16.0 8.16
1 22.786 16.0 8.06
2 22.779 16.0 8.24
4 22.775 16.0 8.02
6 22.794 16.0 8.02
8 22.890 16.0 8.02

10 23.056 16.0 8.22
12 23.791 16.1 7.64
14 24.520 16.2 7.17
15 24.735 16.2 7.23

0.5 22.660 16.0 8.10
1 22.661 16.0 8.00
2 22.657 16.0 7.74
4 22.620 16.0 7.81
6 22.620 16.0 7.25
8 22.642 16.0 8.20

10 22.694 16.0 7.85
12 22.849 16.0 7.60
13 22.842 16.0 7.71

91 3.79 2.59
90 2.67 3.75

105 4.43 2.82
90 4.17 3.33
92
91
95
91
89
91

90 53 3.67 3.84
93 41 4.47 2.91
92 11 3.84 3.67
88 2.9 4.13 3.33
93 0.6
95 0.2
94
89
92
87

95 64 4.60 3.42
94 48 4.97 3.84
96 19 4.55 2.49
93 6.7 5.02 3.54
93 2.4
93
95
89
83
84

94 49 4.22 4.43
93 40 4.85 3.37
89 20 5.06 4.55
91 7.2 5.27 4.34
84
95
91
88
89



199

1400

1600

1800

2000

2200

0.5 22.502 15.9 7.82 90 57 3.37 2.57
1 22.502 16.0 7.62 88 34 3.75 2.53
2 22.505 16.0 7.58 87 20 3.46 2.95
4 22.524 16.0 8.34 96 7.1 3.79 2.87
6 22.520 16.0 7.44 86 2.1
8 22.598 16.0 7.70 89

10 22.746 16.0 7.76 89
12 22.897 16.0 7.50 86
14 23.985 16.0 7.62 89

0 .5 22.402 15.8 7.52 87 68 3.29 3.04
1 22.428 1 5 .8 7.44 86 29 3.04 2.53
2 22.395 15.8 7.98 92 14 3.16 2.53
4 22.461 15.8 7.86 91 2.5 3.21 2.57
6 22.446 15.8 7.13 82 0 .8
8 22.653 15.8 7.50 87

10 22.683 15.9 8.32 96
12 23.060 15.9 8.22 96
14 23.083 16 .0 8.20 96

0 .5 22.454 14.8 8.02 92 2.99 2.28
1 22.446 15.2 8.32 95 2.78 2.53
2 22.432 15.5 7.96 92 2.91 2.28
4 22.491 15.5 7.52 86 2.70 2.49
6 22.727 15.5 7.62 87
8 22.834 15.8 7.82 89

10 22.849 15.8 7.62 87
12 23.405 15.8 7.64 88
14 23.669 15.8 7.42 86

0.5 22.528 15.5 7.52 86
1 22.505 15.5 7.68 88
2 22.513 15.6 7.66 88
4 22.528 15.6 7.64 87
6 22.539 15.6 8.02 92
8 22.605 15.8 7.82 89

10 23.457 15.8 7.58 88
12 23.557 15.9 7.52 87
14 23.609 15.9 7.52 87

0 .5 22.635 15.5 7.66 88
1 22.620 15.5 7.7-7 89
2 22.687 15.5 7.82 90
4 22.820 15.7 8.05 94
6 22.868 15.7 7.82 91
8 23.112 15.7 7.86 91

10 23.149 15.8 7.81 91
12 23.197 15.8 •7.54 87
14 24.335 16.0 7.73 90



2 0 0

2400

0200

0400

0600

0800

14 November 1974

0.5 22.687 15.1 7.84 89 2.06 2.19
1 22.650 15.1 7.92 90 1.74 1.92
2 22.672 15.2 7.92 89 1.05 1.68
4 22.635 15.2 7.86 89 2.10 2.39
6 22.653 15.2 7.72 87
8 22.635 15.2 7.84 89

10 22.635 15.2 7.99 90
12 22.646 15.2 7.64 86
14 23.272 15.2 7.52 85

0.5 22.432 15.5 7.72 89 1.93 1.73
1 22.417 15.5 7.68 88 1.93 0.95
2 22.428 15.7 7.78 89 1.66 1.45
4 22.421 15.8 7.64 88 1.94 1.67
6 22.424 15.8 7.60 87
8 22.905 15.9 7.44 86

10 23.754 16.0 7.58 88
12 24.578 16.0 7.23 85
14 24.776 16.1 7.03 82

0 .5 22.398 15.3 7.52 86 1.37 1.71
1 22.354 15.4 7.82 89 1.10 1.08
2 22.328 15.4 7.62 87 1.10 1.71
4 22.347 15.3 7.60 87 1.40 1.38
6 22.816 15.3 8.00 92
8 22.809 15.3 7.86 90

10 23.064 15.5 7.66 88
12 23.208 15.7 7.27 84
14 25.173 15.8 7.01 82

0.5 22.409 15.0 7.84 89 1.87 1.64
1 22.413 15.0 7.78 88 1.70 1.70
2 22.395 15.1 7.46 84 1.81 2.42
4 22.432 15.2 7.52 85 2.06 1.24
6 22.616 15.3 7.52 85
8 23.001 15.5 8.00 93

10 23.309 15.8 7.56 88
12 23.461 15.8 7.66 89
14 23.784 15.9 7.42 86

0.5 22.505 15.8 7.92 91
1 22.483 15.7 7.92 91
2 22.487 15.7 7.86 91
4 22.509 15.7 7.86 91
6 22.568 15.8 7.84 90
8 22.524 15.8 7.62 88

10 23.097 15 .8 7.66 88
12 23.658 15.9 7.78 91
14 23.728 16.0 7.56 88
16 23.758 15.9 7.78 91



2 0 1

1 0 0 0

1200

1400

1600

0 .5 22.572 16.0 7.72 89 50 2.32 1.94
1 22.568 16.0 7.72 89 38 2.00 1.86
2 22.568 16.0 7.74 89 24 2.02 1.81
4 22.664 16.0 7.96 92 6.3 2.87 2.07
6 22.908 15.8 7 .98 93 4 .0
8 22.920 15.8 8.16 95

10 23.253 15.9 7.78 91 .
12 23.948 15.9 7.84 91
14 24.597 16.1 7.65 90
16 25.203 16.3 7.42 88

0 .5 22.568 16.0 7.86 91 2.06 1.44
1 22.565 15.8 7.92 92 3.00 2.41
2 22.553 15.8 8.02 93 2.42 1.90
4 22.561 15.9 7.92 92 2.26 2.28
6 22.572 15.9 8.00 93
8 22.868 15.9 7.80 91

10 24.059 15.9 7.72 90 .
12 24.223 15.9 7.68 90
14 24.784 16.0 7.64 90
15.5 24.956 16.0 7.64 90

0.5 22.472 15.8 8.02 92 55 2.79 2.28
1 22.472 15.9 8.12 93 37 3.08 2.53
2 22.457 15.9 8.02 92 23 3.76 4.14
4 22.461 15.9 8.02 92 6.0 3.76 3.25
6 22.535 15.9 8.02 92 1 .1
8 22.624 15.9 7.52 87

10 23.056 15.9 7.86 91
12 23.769 15.8 7.52 88
14 24.276 15.9 7.60 88

0.5 22.203 15.8 7.84 90 2.30 3.04
1 22.203 15.8 7.60 87 2.79 2.32
2 22.207 15.8 7.68 88 3.71 3.50
4 22.299 15.8 7.98 92 3.29 2.83
6 22.428 15.8 7.98 92
8 23.019 15.9 7.94 92

10 23.702 15.9 7.86 92
12 24.660 16.0 7.26 85
14 25.027 16.1 7.26 85
16 25.218 16.2 7.62 89
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